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Abstract	  






Bioelectrochemical	   systems,	   such	   as	   microbial	   fuel	   cells	   (MFCs),	   are	   a	   specialized	   branch	   of	  
biotechnology	   which	   aims	   to	   use	   the	   diversity	   of	   microbial	   metabolism	   for	   industrial	   applications	  
including:	  the	  treatment	  of	  wastewater	  coupled	  with	  the	  production	  of	  electricity;	  the	  production	  of	  
high	   value	   compounds	   (e.g.	   hydrogen);	   and	   biosensing	   applications.	   MFC	   technologies	   use	  
exoelectrogenic	  bacteria	  such	  as	  Geobacter	  sp.	  These	  bacteria	  possess	  a	  particular	  metabolism	  that	  
allows	  them	  to	  exchange	  electrons	  with	  solid	  surfaces	  like	  electrodes.	  One	  major	  parameter	  that	  can	  
limit	   efficient	   electron	   transfer	   from	   biofilms	   to	   the	   electrode	   is	   the	   metabolic	   capability	   and	  
microbial	  composition	  of	  the	  biofilm.	  Consequently,	  a	  main	  focus	  of	  this	  research	  was	  to	  determine	  if	  
it	  is	  possible	  to	  select	  and	  maintain	  stable	  electrode	  biofilm	  communities	  that	  have	  efficient	  electron	  
transfer	  properties	   and	  are	   suitable	   for	   specific	   functions	   such	  as	  biological	  oxygen	  demand	   (BOD)	  
biosensing	   and	   electricity	   production.	   To	   achieve	   this	   objective,	   the	   influence	   of	   four	   parameters	  
including	   the	   anode	   potential,	   the	   inoculum	   source,	   the	   substrate	   and	   the	   electrode	   surface	  
properties,	  was	   tested	   on	   the	   selection	   of	   exoelectrogenic	   biofilms.	   The	   differences	   in	   community	  
structures	  and	  electrochemical	  properties	  of	  the	  different	  biofilms	  selected	  were	  investigated	  using	  
population	   profiling	   (e.g.	   SSCP,	   ARISA,	   RFLP),	   cloning	   and	   electrochemical	   analysis	   (e.g.	   cyclic	  
voltammetry,	   power	   curves).	   Here,	   I	   present	   evidence	   that	   these	   four	   parameters	   altered	   the	  
dominant	  community	  of	  the	  selected	  biofilms,	  with	  the	  anode	  potential	  and	  the	  substrate	  having	  the	  
most	  effects.	  These	  results	  enrich	  an	  ongoing	  controversy	   in	  the	   literature	  as	  to	  whether	  electrode	  
potential	  can	  influence	  the	  composition	  of	  anode-­‐respiring	  biofilms	  or	  if	  they	  physiologically	  adapt	  to	  
different	   potentials.	   In	   this	   study,	   I	   proved	   that	   the	   anode	   potential	   affects	   the	   composition	   of	  
Geobacter-­‐dominated	  biofilms	  at	  a	  strain	  level.	  My	  results	  imply	  that	  it	  is	  possible	  to	  select	  for	  high	  
current-­‐producing	  biofilms	  using	  specific	  anode	  potentials.	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In	  addition	  to	  microbial	  composition,	  operational	  stability	  of	  anode-­‐respiring	  biofilm	  communities	  is	  
also	   of	   importance	   for	   electricity	   production	   and	   the	   development	   of	   biosensors.	   In	   this	   study,	   I	  
explored	  the	  use	  of	  a	  biosensor	  based	  on	  an	  exoelectrogenic	  biofilm	  for	  the	  real-­‐time	  monitoring	  of	  
BOD,	  as	  a	  fast	  alternative	  to	  the	  conventional	  5-­‐day	  BOD	  assay.	  A	  Geobacter-­‐dominated	  biofilm	  was	  
selected	   at	   an	   anode	   potential	   of	   -­‐0.36	  V	   vs	   Ag/AgCl	  with	   ethanol	   as	   the	   sole	   carbon	   source.	   The	  
biofilm	   had	   a	   broad	   metabolic	   capability	   and	   accurately	   quantified	   the	   BOD	   of	   complex	   media,	  
opening	  the	  way	  to	  a	  new	  generation	  of	  biosensors.	  
Although	  MFCs	  are	  mainly	  limited	  by	  the	  efficiency	  of	  electron	  transfer	  at	  the	  anode,	  processes	  such	  
as	  the	  reduction	  of	  oxygen	  at	  the	  cathode	  can	  also	  alter	  the	  current	  output	  of	  these	  systems.	  In	  this	  
work,	  I	  demonstrated	  that	  photosynthetic	  cathodic	  biofilms	  enhance	  the	  power	  output	  of	  microbial	  
fuel	  cells	  by	  saturating	  the	  catholyte	  in	  oxygen	  under	  illumination.	  
This	  project	  contributes	  significant	  knowledge	   to	  the	  parameters	  affecting	  the	   formation	  of	  anode-­‐
respiring	   biofilms,	   especially	   those	   dominated	   by	  Geobacter	   sp.,	   the	   dynamics	   of	   their	   community	  
structures,	   their	   operational	   stability	   and	   their	   potential	   use	   as	   BOD	   biosensors.	   It	   also	   provides	  
evidence	   of	   the	   utility	   of	   photosynthetic	   biofilms	   to	   overcome	   cathodic	   limitations	   caused	   by	   low	  
rates	   of	   the	   oxygen	   reduction	   reaction.	   The	   combination	   of	   my	   key	   research	   findings	   provides	  
substantial	  opportunities	   to	  enhance	   the	   reliable	  use	  and	   implementation	  of	  MFC	   technologies	   for	  
environmental	  monitoring	  and	  energy	  production	  applications.	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  each	  peak	  crudely	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  the	  relative	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  of	  that	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  1.14	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  2.1	   Picture	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polarized	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  using	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  as	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   Scheme	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  2.3	   ARISA	  profiles	  of	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  communities	  growing	  on	  electrodes	  poised	  at	  (a)	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  2.4	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  electrodes	  
poised	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  V	  (dashed	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  in	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  using	  
method	  1.	  Scan	  range	  from	  -­‐0.50	  V	  to	  0.20	  V	  vs	  Ag/AgCl	  and	  scan	  rate	  of	  10	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  2.5	   Comparison	  of	  the	  start-­‐up	  times	  of	  the	  -­‐0.36	  V	  (black	  disks)	  and	  -­‐0.25	  V-­‐biofilms	  
(grey	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  selected	  using	  method	  2.	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Figure	  2.6	   ARISA	  electropherograms	  of	  the	  biofilm	  communities	  growing	  on	  electrodes	  poised	  
at	  (a,b)	  -­‐0.36	  V	  and	  (c,d)	  -­‐0.25	  V	  vs	  Ag/AgCl	  in	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  using	  selection	  method	  2.	  Two	  
replicates	  per	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  RFI:	  Relative	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  Intensity.	  Each	  peak	  of	  the	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  corresponds	  to	  one	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  OTU.	  Taxon	  richness:	  (a)	  9	  peaks,	  (b)	  
10	  peaks,	  (c)	  7	  peaks,	  (d)	  5	  peaks.	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  2.7	   Phylogenetic	  tree	  of	  16S	  rRNA	  gene	  sequences	  from	  different	  strains	  of	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psychrophilus	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  on	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  2.8	   Cyclic	  voltammograms	  in	  turnover	  conditions	  of	  (a)	  sterile	  acetate	  medium,	  (b)	  the	  -­‐
0.36	  V	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  and	  (d)	  the	  -­‐0.25	  V	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  selected	  using	  method	  2.	  (c)	  First	  derivative	  
over	  the	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  of	  the	  voltammetric	  curve	  of	  -­‐0.36	  V	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  (e)	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  derivative	  
over	  the	  potential	  of	  the	  voltammetric	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  of	  the	  -­‐0.25	  V	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  Scan	  range	  from	  -­‐
0.60	  V	  to	  0	  V	  vs	  Ag/AgCl	  and	  scan	  rate	  of	  1	  mV.s-­‐1	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  3.1	   Electrode	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  modifications	  with	  (a)	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  group,	  (b)	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  (c)	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  conditioned	  in	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  (d)	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  3.2	   Process	  of	  electrode	  surface	  modification	  using	  the	  formation	  of	  aryl	  diazonium	  salts.	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  the	  diazonium	  salt.	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  3.3	   Location	  of	  each	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  3.4	   Current	  generated	  by	  the	  MFCs	  with	  different	  inocula	  over	  time.	  Soil	  from	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  dry	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  from	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  Rim”	  (CR,	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  from	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  and	  wet	  soil	  from	  “Halswell	  River”	  (R,	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  3.5	   Cyclic	  voltammograms	  of	  the	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  selected	  from	  the	  three	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  inocula	  in	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  line).	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  The	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  3.6	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  of	  the	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  inoculated	  with	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  and	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  OTU.	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  corresponding	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  3.7	   Start-­‐up	  times	  of	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  3.8	   Turnover	  voltammograms	  of	  the	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  electrodes	  after	  29	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  3.9	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  of	  the	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  grown	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  The	  
length	  in	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  the	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  corresponding	  to	  each	  dominant	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  is	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  3.10	   Bray	  Curtis	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  percentage	  of	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  the	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  The	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  indicated	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  *.	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  replicate	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  -­‐B(OH)2	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  is	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  the	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  was	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  4.1	   Experimental	  design	  of	  the	  stability	  test	  for	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  at	  -­‐0.36	  V	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and	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  The	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  was	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  for	  the	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  at	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  Each	  peak	  of	  the	  
electropherograms	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  to	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  to	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  bp	  as	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  were	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  the	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  4.3	   Turnover	  cyclic	  voltammograms	  of	  (a)	  -­‐0.36	  V	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  at	  week	  0	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  (b)	  -­‐0.25	  V	  biofilm	  at	  week	  0	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  4.4	   ARISA	  electropherograms	  of	  the	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  selected	  at	  -­‐0.36	  V	  vs	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  in	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  and	  (c)	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  in	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  to	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  to	  
1000	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  were	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  outside	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  4.5	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  Curtis	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  percentage	  of	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  between	  the	  different	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  are	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to	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  4.6	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  and	  after	  6	  
weeks	  in	  OECD4%	  (week	  6).	  .............................................................................................	  99	  
Figure	  4.7	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  fatty	  acid	  concentrations	  of	  the	  three	  fresh	  culture	  media	  (a)	  and	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  UM-­‐AC	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  and	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  were	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  0),	  with	  OECD4%	  (from	  week	  3	  to	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  4.8	   The	  left	  axis	  represents	  the	  Coulombic	  efficiencies	  (CE)	  of	  the	  biofilms	  42	  h	  after	  
feeding	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  either	  acetate,	  ethanol	  medium	  (weeks	  0	  and	  7)	  or	  OECD4%	  (from	  
weeks	  1	  to	  6).	  The	  right	  axis	  corresponds	  to	  the	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  removal	  efficiencies	  of	  the	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  after	  3	  days	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  in	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  and	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In	   the	   light	  of	   concerns	  about	   climate	   change	  and	  peak	  oil,	   there	   is	   growing	  anxiety	  about	  how	   to	  
address	   energy	   needs	   on	   a	   sustainable	   basis.	   The	   world's	   population	   continues	   to	   grow	   and	   the	  
electricity	  demand	  increases	  even	  faster	  (EIA	  2013).	  A	  key	  question	  is	  how	  are	  we	  going	  to	  be	  able	  to	  
generate	   that	   additional	   electricity?	   The	   volume	   of	   research	   focusing	   on	   the	   development	   of	   new	  
renewable,	   carbon-­‐neutral	   energy	   sources	   has	   considerably	   increased	   in	   the	   last	   decades.	   In	   this	  
respect,	   bioenergy	   (i.e.,	   energy	   production	   from	   biomass)	   is	   especially	   promising,	   as	   it	   has	   the	  
potential	   to	   produce	   sustainable	   energy	   without	   major	   disruption	   to	   the	   environment	   or	   human	  
activities	  (Rittmann	  2008).	  	  
Microbiological	   approaches	   for	   generating	   electricity	   in	   a	   self-­‐sustainable	   manner	   have	   primarily	  
focused	  on	  anaerobic	  digestion	  of	  organic	  waste,	  which	  produces	  gases	  including	  methane	  that	  can	  
be	  burnt	   to	   generate	  electricity.	  Recently	  however,	   considerable	   research	  has	   focussed	  on	  directly	  
using	   microbes	   to	   generate	   electricity	   in	   microbial	   fuel	   cells	   (MFCs)	   (Logan	   and	   Regan	   2006).	  
Traditional	   MFCs	   usually	   gain	   energy	   from	   the	   heterotrophic	   oxidation	   of	   organic	   compounds,	  
generally	  low	  value	  wastes	  such	  as	  sewage	  or	  industrial	  wastewaters,	  which	  are	  broken	  down	  by	  the	  
anode-­‐respiring	   biofilm	   (ARB).	   Compared	   to	   conventional	   electrochemical	   systems,	   the	   MFCs	  
potentially	   have	   some	   advantages	   including	   that	   they:	   (i)	   transform	   waste	   or	   other	   renewable	  
organic	   sources	   into	  energy;	   (ii)	  use	   living	  organisms	  capable	  of	  auto-­‐regeneration	  as	   catalysts	  and	  
not	  rare-­‐earth	  or	  expensive	  metals;	  (iii)	  generate	  no	  toxic	  waste.	  It	  was	  in	  this	  context	  that	  my	  PhD	  
topic	  was	  developed.	  My	  thesis	  aims	  to	  increase	  our	  understanding	  of	  the	  selection	  and	  stability	  of	  
highly	  efficient	  electrode	  biofilms	  in	  MFCs	  for	  the	  production	  of	  electricity	  or	  biosensing	  applications.	  	  
The	   study	   of	   electro-­‐active	   biofilms	   requires	   disciplines	   as	   broad	   as	   electrochemistry,	   microbial	  
ecology,	   biochemistry,	   molecular	   biology	   and	   process	   engineering.	   This	   first	   chapter	   aims	   to	  
introduce	  the	  general	  concepts	  used	  in	  the	  achievement	  of	  this	  thesis.	  The	  introduction	  starts	  with	  a	  
reminder	   of	   the	   fundamental	   aspects	   of	   biofilms,	   emphasizing	   the	   characteristics	   of	   dissimilatory	  
metal-­‐reducing	   biofilms	   and	   their	   use	   in	   bioelectrochemical	   systems	   such	   as	  MFCs.	   The	  metabolic	  
pathways	   leading	   to	   electron	   transfer	   between	   the	   biofilm	   and	   an	   electrode	   are	   also	   explained	  
together	  with	   the	  methodology	   used	   to	   characterise	   these	   reactions.	   Finally,	   the	   introduction	   sets	  
out	  of	  the	  aims	  and	  the	  objectives	  of	  the	  research	  carried	  out	  in	  this	  thesis.	  
1.1 Biofilms	  
“United	   we	   stand,	   divided	   we	   fall”,	   microorganisms	   have	   applied	   this	   proverb	   long	   before	   us!	   In	  
natural	  environments,	  bacteria	  almost	  invariably	  assemble	  as	  groups	  of	  cells	  held	  together	  by	  a	  self-­‐
produced	  polymeric	  matrix.	  Such	  groups	  of	  cells,	  referred	  to	  as	  biofilms,	  are	  ubiquitous	  on	  our	  planet	  
and	  represent	  a	  common	  metabolism-­‐altering	  strategy	  in	  the	  microbial	  world	  (Costerton	  et	  al.	  1995).	  
By	   contrast,	   in	   the	   laboratory,	   bacteria	   are	   generally	   grown	   as	   planktonic,	   single	   species	   in	   a	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homogeneous,	  mixed,	  liquid	  medium.	  If	  any	  support	  were	  introduced	  in	  this	  liquid	  medium,	  bacteria	  
would	  attach	  to	  it,	  start	  multiplying	  and	  develop	  biofilms	  (Costerton	  and	  Stewart	  2001,	  Zobell	  1943).	  
Biofilm-­‐associated	  cells	  can	  be	  differentiated	  from	  their	  suspended	  counterparts	  by	  the	  generation	  of	  
an	   extracellular	   polymeric	   substance	   (EPS)	   matrix,	   reduced	   growth	   rates,	   and	   up-­‐	   and	   down-­‐
regulation	  of	  specific	  genes	  (Donlan	  2002).	  	  
The	  dense	  extracellular	  matrix	  of	  the	  biofilm	  provides	  several	  advantages	  to	  its	  community	  members	  
including	   protection	   against	   environmental	   stress,	   easy	   access	   to	   nutrients	   and	   resistance	   to	  
detergents	  and	  antibiotics.	  Biofilms	  can	  therefore	  be	  hard	  to	  eradicate	  and	  are	  implicated	  in	  a	  range	  
of	  diseases	  such	  as	  cystic	   fibrosis,	  native	  valve	  endocarditis,	  otitis	  media,	  periodontitis,	  and	  chronic	  
prostatitis	  (Kaplan	  2005).	  Biofilms	  may	  also	  be	  responsible	  for	  a	  wide	  variety	  of	  nosocomial	  (hospital-­‐
acquired)	   infections	   due	   to	   their	   ability	   to	   grow	   on	   the	   surfaces	   of	   catheters,	   medical	   implants,	  
wound	  dressings,	  or	  other	  types	  of	  medical	  devices	  (Donlan	  2001).	  Moreover,	  biofilms	  avidly	  colonize	  
many	  moist	  household	  surfaces,	  including	  showers,	  toilets,	  sinks,	  countertops,	  and	  cutting	  boards	  in	  
the	  kitchen.	  Biofilms	  adhere	  inside	  water	  and	  sewage	  pipes	  and	  cause	  clogging	  and	  corrosion.	  In	  the	  
marine	  environment,	  biofilms	  constitute	  the	   foundation	  for	  biofouling	  of	  mariculture	   facilities,	  ship	  
hulls	  and	  seawater	  pipelines	  (Chambers	  et	  al.	  2006).	  	  
Despite	   their	   disadvantages,	   biofilms	   play	   an	   important	   role	   in	   the	   ecology	   of	   the	   earth	   and	   the	  
sustainability	   of	   life	   in	   general.	   Biofilms	   are	   important	   components	   of	   food	   chains	   in	   rivers	   and	  
streams	   and	   are	   grazed	   by	   the	   aquatic	   invertebrates	   upon	   which	  many	   fish	   feed	   (Nagarkar	   et	   al.	  
2004).	   Bacterial	   films	   can	   also	   play	   a	   major	   role	   in	   the	   cleaning	   of	   wastewater.	   Many	   sewage	  
treatment	   plants	   include	   a	   filtration	   step	   in	   which	   wastewater	   passes	   through	   biofilms	   grown	   on	  
filters	  and	  an	  anaerobic	  digestion	  step	  where	  waste	  material	   is	  broken	  down	  by	  anaerobic	  biofilms.	  
Bioremediation	  using	  biofilms	  has	  emerged	  as	  a	  technology	  of	  choice	  for	  cleaning	  up	  contaminated	  
soil,	  groundwater	  and	  marine	  systems	  (Singh	  et	  al.	  2006).	  For	  example,	  the	  hydrocarbon-­‐degrading	  
activities	  of	  certain	  microbial	  biofilms	  such	  as	   the	   recently-­‐discovered	  hydrocarbonoclastic	  bacteria	  
(HCB)	   can	   help	   to	   eliminate	   petroleum	   oil	   from	   contaminated	   oceans	   (Martins	   dos	   Santos	   et	   al.	  
2008).	  
The	   biofilm	   life	   cycle	   encompasses	   three	   steps:	   attachment,	   growth	   of	   colonies	   (or	   development),	  
and	  periodic	  detachment	  of	  planktonic	  cells	   (Figure	  1.1).	  The	   initial,	   reversible	  attachment	   involves	  
non-­‐specific	   forces	   such	   as	   Lewis	   acid-­‐base	   and	   van	   der	   Waals	   forces	   and	   can	   be	   reinforced	   by	  
specific	  attachments	  via	  pili	  and	  fimbrae	  (Kaplan	  2010).	  Motility	  can	  be	  an	  important	  factor	  in	  biofilm	  
initiation	  as	  it	  allows	  the	  bacterium	  to	  approach	  the	  surface,	  overcoming	  long-­‐range	  repulsive	  forces	  
such	  as	  electrostatic	  forces.	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The	  transition	  from	  a	  single-­‐cell	  planktonic	  state	  to	  a	  multi-­‐cellular	  attached	  biofilm	  state	  represents	  
a	  major	  lifestyle	  change	  for	  a	  bacterium.	  That	  lifestyle	  transition	  could	  be	  induced	  by	  several	  external	  
factors	   ranging	   from	   nutrient	   availability	   to	   the	   presence	   or	   absence	   of	   light	   (Gomelsky	   and	   Hoff	  
2011).	  	  
Once	  attached	  to	  the	  surface,	  the	  bacterial	  pioneers	  begin	  to	  build	  the	  matrix	  that	  holds	  the	  biofilm	  
together	  and	  facilitate	  the	  arrival	  of	  others,	  some	  of	  which	  are	  unable	  to	  establish	  on	  a	  surface	  on	  
their	  own.	   Initial	  colonisation	  of	  a	  bare	  surface	   is	   likely	  to	  be	  performed	  by	  ubiquitous,	  widespread	  
taxa.	  As	  succession	  progresses,	  less	  common	  taxa	  will	  likely	  colonise,	  increasing	  the	  total	  number	  of	  
taxa	  and	  dominance	  will	  increasingly	  depend	  upon	  competitive	  advantages.	  It	  is	  proposed	  that	  even	  
slight	  differences	  in	  the	  initial	  coloniser	  communities	  could	  alter	  successional	  trajectories,	  particularly	  
where	  inter-­‐specific	  competition	  is	   likely	  to	  be	  important	  (Fierer	  et	  al.	  2010).	  Therefore,	  a	  maturing	  
biofilm	  can	  undergo	  successional	  changes.	  	  
	  
Figure	  1.1	   The	  biofilm	  life	  cycle	  illustrated	  in	  three	  steps:	  initial	  attachment	  of	  planktonic	  
cells,	  the	  growth	  of	  complex	  biofilms,	  and	  detachment	  of	  the	  biofilm	  using	  the	  
“seeding	  dispersal”	  mode.	  Image	  courtesy	  of	  P.	  Dirckx,	  Center	  for	  Biofilm	  
Engineering,	  USA.	  
In	   the	  next	  stage,	  known	  as	  development,	   the	  biofilm	  grows	  through	  a	  combination	  of	  cell	  division	  
and	   recruitment,	   changing	   in	   shape	  and	   size.	  A	  mature	  biofilm	   structure	   comprises	  microbial	   cells,	  
EPS	  and	  channels	   in	  which	  nutrients	  or	  waste	  can	  circulate.	   It	  provides	  an	  optimal	  environment	  for	  
cells	  to	  communicate	  by	  via	  quorum	  sensing,	  or	   for	  the	  exchange	  of	  genetic	  material	  which	  may	   in	  
turn	  affect	  biofilm	  processes	  such	  as	  detachment.	  	  
Dispersal	  of	  cells	   from	  the	  biofilm	  colony	   is	  an	  essential	   stage	  of	   the	  biofilm	   life	  cycle	  as	   it	  enables	  
biofilms	  to	  spread	  and	  colonize	  new	  surfaces.	  Detachment	  can	  be	  passive	  (by	  external	  forces	  such	  as	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fluid	  shear,	  abrasion,	  predation,	   forced	  removal	  by	   the	  enzymatic	  activity	  of	  competitors)	  or	  active	  
(by	  the	  activation	  of	  metabolic	  pathways	  inside	  the	  bacteria,	  causing	  it	  to	  move	  on).	  The	  mechanism	  
to	  exit	  the	  biofilm	  depends	  on	  environmental	  conditions.	  Nutrient	  starvation	  has	  been	  shown	  to	  be	  
an	  important	  factor	  in	  detachment	  of	  some	  biofilms.	  In	  Pseudomonas	  aeruginosa,	  stopping	  nutrient	  
flow	   leads	   to	   a	   rapid	   loss	   of	   biofilm	   (Hunt	   et	   al.	   2004).	   Biofilm	   dispersal	   can	   also	   be	   induced	   by	  
oxygen	  depletion	   in	   the	  deepest	   layers	  of	   the	  biofilm	  and	  by	   changes	   in	  ambient	  pH,	   temperature	  
and	   light	   exposure.	   As	   well	   as	   environmental	   factors,	   there	   is	   also	   an	   element	   of	   genetic	  
programming	  involved	  in	  biofilm	  maturation	  and	  detachment.	  Autoinducers	  produced	  and	  secreted	  
by	  the	  cells	  can	  build	  up	  in	  the	  immediate	  environment	  and,	  when	  sensed	  by	  the	  cells,	  trigger	  biofilm	  
dispersal	   (Karatan	  and	  Watnick	  2009).	  Nitric	  oxide	   (NO),	   for	   instance,	   is	  widely	  used	  as	  a	   signalling	  
molecule	   in	  biological	   system.	  The	  generation	  of	  metabolic	  NO	   through	  anaerobic	   respiration	   in	  P.	  
aeruginosa	  biofilm	  has	  being	  identified	  to	  cause	  dispersal	  (Barraud	  et	  al.	  2006).	  
In	   order	   to	   disperse,	   many	   bacteria	   produce	   extra-­‐cellular	   enzymes	   that	   degrade	   the	   adhesive	  
components	   of	   the	   biofilm.	   Matrix-­‐degrading	   enzymes	   include	   glycosidases,	   proteases	   and	  
deoxyriboses.	   Some	   bacteria	   produce	   enzymes	   that	   specifically	   degrade	   the	   biofilm	   polymers	   that	  
attach	  other	  species	  of	  bacteria.	  They	  can	  use	  this	  mechanism	  to	  remove	  competitors	  and	  to	  obtain	  
nutrients.	  Moreover,	  motility,	   that	  had	  been	   repressed	  during	  biofilm	   formation,	   is	   induced	  during	  
dispersal	  in	  many	  bacteria	  (Karatan	  and	  Watnick	  2009),	  as	  described	  in	  Figure	  1.1.	  	  
Erosion,	  sloughing	  and	  seeding	  are	  three	  distinct	  modes	  of	  biofilm	  dispersal	   (Kaplan	  2010).	  Erosion	  
refers	  to	  the	  continuous	  release	  of	  a	  low	  quantity	  of	  single	  cells	  or	  small	  cell	  clusters	  over	  the	  course	  
of	   biofilm	   formation.	   Sloughing	   consists	   of	   the	   sudden	   detachment	   of	   large	   portions	   of	   a	  mature	  
biofilm	  (Stoodley	  et	  al.	  2001).	  Finally,	  seeding	  dispersal,	  also	  known	  as	  central	  hollowing,	  involves	  the	  
rapid	   detachment	   of	   a	   large	   number	   of	   single	   cells	   or	   small	   cell	   clusters	   from	  hollow	   cavities	   that	  
form	  inside	  the	  biofilm	  (Boles	  et	  al.	  2005).	  Detachment	  by	  erosion	  and	  sloughing	  modes	  can	  be	  either	  
active	  or	  passive,	  whereas	  seeding	  dispersal	  is	  always	  due	  to	  active	  processes.	  
1.2 Dissimilatory	  metal-­‐reducing	  biofilms	  
Biofilms,	  like	  every	  other	  living	  system,	  are	  powered	  by	  redox	  reactions,	  some	  of	  which	  are	  involved	  
in	   respiration.	   In	   respiration,	   electrons	   released	   from	   the	  oxidation	  of	   substrates	   are	  passed	  down	  
the	   electron	   transport	   chain	   (ETC),	   located	   in	   the	   bacterial	   cell	   membrane,	   to	   a	   final	   electron	  
acceptor.	  The	  underlying	  force	  driving	  these	  reactions	  is	  the	  Gibbs	  free	  energy	  (ΔG)	  of	  the	  reactants	  
and	   products.	   The	   Gibbs	   free	   energy	   is	   the	   energy	   available	   for	   the	   redox	   reaction	   to	   occur.	   Any	  
reaction	  that	  decreases	  the	  overall	  ΔG	  of	  a	  system	  is	  thermodynamically	  spontaneous.	  The	  function	  
of	  the	  electron	  transport	  chain	  is	  to	  produce	  a	  transmembrane	  proton	  electrochemical	  gradient	  as	  a	  
result	  of	  the	  redox	  reactions	  (Murray	  et	  al.	  2003).	  The	  flow	  back	  of	  protons	  through	  the	  membrane	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enables	   mechanical	   work	   converted	   into	   chemical	   energy	   by	   the	   adenine	   triphosphate	   (ATP)	  
synthase.	  The	  ATP	  synthase	  produces	  ATP,	  the	  fundamental	  molecular	  energy	  currency	  of	  a	  cell	  as	  it	  
carries	  chemical	  energy	  required	  for	  metabolism	  (Karp	  2008).	  	  
In	   a	   natural	   biofilm,	   there	   is	   often	   a	   range	   of	   final	   electron	   acceptors	   available,	   such	   as	   oxygen,	  
nitrate,	  sulphate	  and	  metal	   ions.	   If	  oxygen	  is	  available,	   it	   is	   invariably	  used	  as	  the	  terminal	  electron	  
acceptor,	  because	  it	  generates	  the	  greatest	  Gibbs	  free	  energy	  change	  and	  produces	  the	  most	  cellular	  
energy	   (e.g.,	  ATP).	   In	   the	  absence	  of	  oxygen,	   some	  microorganisms	  are	   capable	  of	  using	  metals	   as	  
terminal	  electron	  acceptors	   for	  non-­‐assimilatory	  purposes,	  or	   to	   reduce	  environmental	  metals	  as	  a	  
detoxification	   mechanism.	   Such	   microorganisms,	   called	   dissimilatory	   metal-­‐reducing	   bacteria	  
(DMRB),	   have	   an	   important	   influence	   on	   the	   geochemistry	   of	   aquatic	   sediments,	   submerged	   soils,	  
and	   the	   terrestrial	   subsurface	   (Lovley	  1993).	  The	  DMRB	  can	  conserve	  energy	   to	  support	  growth	  by	  
coupling	   the	   oxidation	   of	   simple	   organic	   acids	   and	   alcohols,	   molecular	   hydrogen,	   or	   aromatic	  
compounds	  to	  the	  reduction	  of	  metals,	  heavy	  metals	  or	  radionuclides,	  such	  as	  Fe(III),	  Mn(IV),	  U(VI),	  
Se(VI),	  Cr(VI),	  Hg(II),	  etc.	  The	  DMRB	  affect	  the	  fate	  of	  these	  compounds	  in	  the	  environment	  and	  can	  
be	  used	   as	   a	   remediation	   strategy.	  Dissimilatory	  metal-­‐reducing	  bacteria	   are	  often	   larger	   than	   the	  
metals	   oxides	   they	   are	   reducing;	   therefore	   they	   do	   not	   necessarily	   form	   thick	   biofilms	   in	   the	  
environment	  even	  when	  specifically	  interacting	  with	  a	  solid	  surface.	  
Microbial	   reduction	  of	  Fe(III)	   to	  Fe(II)	  has	  been	   largely	  studied	  not	  only	  because	  of	   its	   influence	  on	  
iron	  geochemistry	  but	  also	  because	  Fe(III)	  is	  one	  of	  the	  most	  abundant	  potential	  electron	  acceptors	  
for	   organic	   matter	   decomposition	   in	   many	   aquatic	   sediments	   and	   subsurface	   environments,	  
reflecting	   the	   considerable	   abundance	   of	   insoluble	   Fe(III)	   oxides	   in	   the	   Earth’s	   crust	   (Lovley	   et	   al.	  
2004).	  One	  of	  the	  most	  extensively	  studied	  Fe(III)-­‐reducing	  microorganisms	  are	  Shewanella	  sp.	  due	  to	  
their	  ability	  to	  grow	  to	  high	  cellular	  densities	  and	  their	  amenability	  to	  genetic	  studies	  (Lanthier	  et	  al.	  
2008,	   Ong	   et	   al.	   2014).	   However,	   Shewanella	   sp.	   are	   relatively	   scarce	   in	   a	   wide	   variety	   of	  
environments	   in	   which	   Fe(III)	   reduction	   is	   important	   (Lovley	   2002).	   One	   reason	   for	   the	   low	  
abundance	  of	  Shewanella	  is	  the	  lack	  of	  their	  preferred	  electron	  donors	  (e.g.,	  lactate),	  which	  are	  not	  
important	   intermediates	   for	   anaerobic	   metabolism	   in	   these	   sedimentary	   environments.	   Another	  
reason	   is	   that	   the	   electron	   transfer	   mechanism	   of	   Shewanella	   species	   to	   Fe(III)	   oxides	   is	   not	   as	  
efficient	  as	  other	  Fe(III)-­‐reducing	  bacteria	  sharing	  the	  same	  environment,	  placing	  Shewanella	  sp.	  at	  a	  
competitive	  disadvantage	   (Newman	  and	  Kolter	  2000).	  Newman	  and	  Kolter	   (2000)	  determined	   that	  
Shewanella	  oneidensis	   do	   not	   reduce	   Fe(III)	   by	   direct	   contact	   but	   instead	   release	   quinones,	  which	  
serve	   as	   an	   electron	   shuttle	   between	   S.	   oneidensis	   and	   Fe(III)	   oxide.	   Shewanella	   sp.	   also	   release	  
Fe(III)-­‐chelating	  compounds	  in	  their	  environment	  when	  grown	  on	  insoluble	  Fe(III)	  oxide,	  representing	  
another	  mechanism	  to	  overcome	  the	  need	  for	  direct	  contact	  with	  Fe(III)	  oxides	  (Lovley	  2000).	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The	   last	  step	  consists	   in	   the	  transfer	  of	  electrons	   from	  carriers	  of	   the	  outer-­‐membrane	  to	   the	   final	  
electron	   acceptor	   in	   the	   cellular	   environment.	   This	   step	   is	   complex	   and	   not	   yet	   completely	  
elucidated.	   Leang	   et	   al.	   (2003)	   showed	   that	   an	  OmcB-­‐deficient	  mutant	  was	   greatly	   impaired	   in	   its	  
ability	  to	  reduce	  Fe(III),	  suggesting	  that	  OmcB	  plays	  a	  major	  role	   in	  the	  dissimilatory	   iron	  reduction	  
pathway.	   The	   OmcB	   protein	   is	   a	   c-­‐type	   cytochrome	   of	   85	   kDa	   containing	   12	   hemes	   and	   a	   lipid	  
attachment	   site	   (Leang	   et	   al.	   2003).	   Immunogold	   labeling	   coupled	   with	   transmission	   electron	  
microscopy	  revealed	  that	  OmcB	  is	  located	  in	  the	  outer-­‐membrane	  but	  only	  partially	  exposed	  on	  the	  
cell	   surface	   (Qian	   et	   al.	   2007),	   whereas	   others	   cytochromes	   such	   as	   OmcZ	   and	   OmcE	   are	   loosely	  
attached	  to	  the	  cell	  surface	  (Mehta	  et	  al.	  2005).	  	  
Once	  the	  electrons	  reach	  the	  cell	  surface,	  their	  transfer	  to	  the	  final	  electron	  acceptor	  involves	  diverse	  
mechanisms.	  Four	  mechanisms	  have	  been	  identified	  in	  S.	  oneidensis	  and	  G.	  sulfurreducens	  including	  
(i)	  the	  direct	  electron	  transfer	  to	  ferric	  oxide,	  (ii)	  the	  mediated	  transfer	  via	  secreted	  electron	  shuttles	  
(e.g.,	   flavins	   secreted	   by	   S.	   oneidensis	   (Marsili	   et	   al.	   2008a)),	   (iii)	   the	   secretion	   of	   chelating	  
compounds	   and	   (iv)	   the	   transfer	   through	   conductive	   pili	   (Figure	   1.4).	   Unlike	   Shewanella	   sp.,	  
Geobacter	   sp.	  does	  not	   release	  electron	   shuttling	  or	   chelating	  compounds	   to	   solubilise	  Fe(III)	   from	  
Fe(III)	   oxide	   and	   must	   directly	   contact	   ferric	   oxide	   to	   reduce	   it	   (Lovley	   2002).	   When	   growing	   on	  
soluble	  electron	  acceptors	   (e.g.,	   chelated	  Fe(III)),	  Geobacter	  sp.	   is	  non-­‐motile.	  However,	  when	  only	  
insoluble	   Fe(III)	   oxide	   is	   available	   as	   electron	   acceptor,	   Geobacter	   sp.	   produces	   flagella	   and	   uses	  
chemotaxis	   to	   sense	   the	   gradient	   of	   Fe(III)	   oxide	   and	   “swim”	   towards	   the	   highest	   concentration	  
(Childers	   et	   al.	   2002).	   Pili	   are	   also	   specifically	   produced	  during	   growth	  on	   ferric	   oxide,	   presumably	  
serving	  as	  a	  means	  of	  attachment	  to	  the	  oxide	  and	  are	  necessary	  for	  the	  reduction	  of	  Fe(III)	  (Smith	  et	  
al.	  2013)	  (Figure	  1.4d).	  Geobacter	  sp.	  is	  highly	  adapted	  for	  direct	  contact	  to	  solid	  electron	  acceptors	  
(e.g.,	   Fe(III)	   or	   Mn(IV)	   oxides).	   The	   strategy	   of	  Geobacter	   sp.	   for	   the	   reduction	   of	   Fe(III)	   oxide	   is	  
considered	  to	  be	  a	  more	  energetically	  effective	  mechanism	  than	  the	  production	  of	  electron	  shuttles	  
and	   Fe(III)	   chelators	   under	   the	   conditions	   typically	   found	   in	   subsurface	   environments,	   which	  may	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G.	  sulfurreducens	  in	  direct	  contact	  with	  the	  anode	  surface	  transfer	  electrons	  to	  the	  anode	  via	  outer-­‐
membrane	  c-­‐type	  cytochromes	  (Holmes	  et	  al.	  2006,	  Holmes	  et	  al.	  2008,	  Kim	  et	  al.	  2008).	  However,	  
G.	  sulfurreducens	  can	  form	  relatively	  thick	  (>	  50	  µm)	  anode	  biofilms	  and	  cells	  distant	  from	  the	  anode	  
also	  contribute	  to	  current	  production	  (Nevin	  et	  al.	  2008,	  Reguera	  et	  al.	  2006).	  Genetic	  studies	  have	  
suggested	   that,	   electrically	   conductive	   pili,	   also	   called	   nanowires,	   are	   important	   in	   long-­‐range	  
electron	  transfer	  in	  G.	  sulfurreducens	  biofilms	  (Reguera	  et	  al.	  2005,	  Reguera	  et	  al.	  2006)	  (Figure	  1.6d).	  
By	  using	  pilin-­‐deficient	  mutants,	   Reguera	  et	   al.	   (2006)	  demonstrated	   that	   conductive	  pili	   (made	  of	  
pilin	  monomers)	  are	  crucial	  for	  the	  viability	  of	  cells	  at	  the	  outer	  layer	  of	  G.	  sulfurreducens	  biofilms.	  In	  
some	   instances,	  pili	  of	   cells	  at	  a	  distance	   from	   the	  anode	  could	  potentially	  make	  electrical	   contact	  
either	   with	   the	   anode	   surface	   or	   with	   the	   cells	   coating	   the	   anode	   in	   a	   way	   that	   the	   efficiency	   of	  
current	  production	  is	  not	  affected	  as	  the	  thickness	  of	  the	  biofilm	  increased	  (Figure	  1.6d).	  Electrically	  
conductive	  appendages	  are	  not	  exclusive	  to	  dissimilatory	  metal-­‐reducing	  bacteria	  and	  may	  be	  used	  in	  
mixed-­‐communities	  for	  efficient	  interspecies	  electron	  transfer	  (Gorby	  et	  al.	  2006,	  Logan	  2009).	  
The	  exact	  mechanism	  of	  electron	  transfer	  along	  the	  pili	  remains	  unclear	  (Lovley	  2008a).	  Two	  models	  
of	   electron	   transport	   have	   been	   proposed	   to	   explain	   the	   pili	   conduction.	   The	   first	  model	   suggests	  
that	  electrical	  conduction	  involves	  electron	  hopping	  or	  tunneling	  between	  redox	  active	  sites	  such	  as	  
cytochromes	  that	  are	  bound	  to	  the	  nanowire	  fibers	  (Strycharz-­‐Glaven	  et	  al.	  2011).	  Leang	  et	  al.	  (2010)	  
revealed	  by	  immunogold	  localization	  that	  OmcS,	  a	  c-­‐type	  cytochrome	  required	  for	  Fe(III)	  reduction,	  
was	   embedded	   on	   the	   surface	   of	   G.	   sulferreducens	   pili.	   However,	   atomic	   force	   microscopy	   has	  
demonstrated	   that	   their	   spacing	   (100	  -­‐	  200	  nm)	   is	   greater	   than	   the	   spacing	   (ca.	   1	  -­‐	  2	  nm)	   that	   is	  
required	   for	   cytochrome-­‐to-­‐cytochrome	   electron	   hopping	   (Malvankar	   et	   al.	   2012c).	   The	   apparent	  
spacing	  between	  OmcS	  molecules	  suggests	  that	  OmcS	  facilitates	  electron	  transfer	  from	  pili	  to	  Fe(III)	  
oxides	   rather	   than	  promoting	  electron	  conduction	  along	   the	   length	  of	   the	  pili	   (Figure	  1.7).	   Indeed,	  
denaturing	  the	  cytochromes	  associated	  with	  the	  pili	  does	  not	  diminish	  their	  conductivity	  (Malvankar	  
et	  al.	  2011).	  	  
The	   second	   model	   proposes	   metal-­‐like	   conduction	   along	   the	   nanowire	   (Lovley	   2012).	   Instead	   of	  
electrons	  being	  localized	  in	  individual	  molecules,	  electrons	  are	  delocalized	  along	  a	  chain	  of	  molecules	  
and	   are	   free	   to	   move	   throughout	   the	   material	   (Malvankar	   and	   Lovley	   2014).	   G.	   sulfurreducens	  
nanowires	  are	  members	  of	  the	  type	  IVa	  family	  of	  pili	  and	  are	  primarily	  comprised	  of	  PilA	  monomers	  
(Giltner	   et	   al.	   2012).	   Compare	   to	   the	   PilA	   protein	   of	   other	   microorganisms	   outside	   the	   genus	  
Geobacter,	   the	   carboxyl	   terminus	   of	   the	   PilA	   sequence	   of	   G.	   sulfurreducens	   is	   highly	   truncated.	  
Specific	  aromatic	  amino	  acids	  in	  this	  truncated	  carboxyl	  terminus	  appear	  to	  confer	  conductivity	  to	  G.	  
sulfurreducens	  pili	  (Vargas	  et	  al.	  2013).	  Vargas	  et	  al.	  (2013)	  reported	  that	  substituting	  an	  alanine	  for	  
each	  of	  the	  five	  most	  distal	  aromatic	  amino	  acids	  in	  the	  C-­‐terminus	  of	  PilA	  led	  to	  substantial	  loss	  of	  
electrical	   conduction	   by	  G.	   sulfurreducens	   nanowires,	   even	   though	   the	   pili	   produced	   had	   properly	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also	   has	   significant	   capacitance	   (Malvankar	   et	   al.	   2012a),	   which	   has	   been	   related	   to	   its	   high	  
abundance	  of	  c-­‐type	  cytochromes,	  providing	  large	  electron	  storage	  capacity.	  
Electrochemical	   analyses	   of	   Shewanella	   oneidensis,	   another	   intensively	   studied	   Gram-­‐negative	  
electrode	   reducer,	   gave	   a	   response	   that	   is	   significantly	   different	   from	   the	   response	   resulting	   from	  
direct	   electron	   transfer	   to	   the	   anode	   by	   G.	   sulfurreducens	   (Marsili	   et	   al.	   2008a).	   These	   analyses	  
suggested	  that	  soluble	  electron	  shuttles	  mediate	  most	  of	  the	  electron	  transfer	  to	  the	  anode	  with	  S.	  
oneidensis.	   Riboflavin	   excreted	   from	   the	   cells	   appears	   to	   be	   the	  main	   source	   of	   the	   redox	   shuttle	  
(Marsili	  et	  al.	  2008a,	  Von	  Canstein	  et	  al.	  2008).	  Although	  S.	  oneidensis	  produces	  microbial	  nanowires	  
(Gorby	   et	   al.	   2006),	   direct	   wiring	   to	   the	   electrode	   does	   not	   appear	   to	   be	   a	   dominant	   route	   for	  
electron	  transfer	  to	  the	  anode.	  S.	  oneidensis	  also	  produce	  outer	  surface	  c-­‐type	  cytochromes	  involved	  
in	  extracellular	  electron	  transfer	  and	  which	  are	  important	  for	  optimal	  current	  production	  (Bretschger	  
et	   al.	   2007).	   However,	   it	   is	   likely	   that	   the	   cytochromes	   are	   required	   for	   the	   reduction	   of	   secreted	  
electron	  shuttle.	  Indeed,	  many	  of	  the	  cells	  contributing	  to	  power	  production	  in	  S.	  oneidensis	  fuel	  cells	  
are	   planktonic	   and	   electron	   transfer	   over	   such	   long	   distances	   is	   only	   conceivable	   with	   electron	  
shuttles	  (Lanthier	  et	  al.	  2008).	  Indirect	  electron	  transfer	  is	  not	  an	  exclusive	  property	  of	  S.	  Oneidensis,	  
a	  diversity	  of	  other	  organisms	  such	  as	  the	  closely	  related	  Escherichia	  coli	  (Zhang	  et	  al.	  2008),	  Geothrix	  
fermentans,	   and	   Pseudomonas	   sp.	   may	   also	   release	   metabolites	   that	   serve	   as	   electron	   shuttles	  
(Franks	  and	  Nevin	  2010,	  Lovley	  2006a).	  
1.3.2 Selection	  and	  stability	  of	  anode-­‐respiring	  biofilms	  
Ecological	   theories	   suggest	   that	   increased	   species	   diversity	   increases	   the	   functional	   stability	   of	  
communities	  and	  this	   idea	  may	  be	  applicable	  to	  biofilm	  stability	  (Burmolle	  et	  al.	  2006,	  Moller	  et	  al.	  
1998).	  The	  biofilms	  used	  in	  MFC	  devices	  include	  both	  pure	  cultures	  and	  biofilms	  of	  mixed	  microbial	  
communities.	  In	  general,	  it	  has	  been	  found	  that	  biofilms	  made	  up	  of	  pure	  cultures	  are	  less	  efficient	  at	  
producing	  current	   than	   those	   formed	  by	  “natural”	  mixed	  microbial	   communities	   (Jiang	  et	  al.	  2010,	  
Watson	  and	  Logan	  2010).	  The	  structure	  of	  electrode	  biofilms	  and	  the	  methods	  of	  selecting	  effective	  
anode-­‐respiring	   microbial	   communities	   are	   being	   increasingly	   studied.	   Ishii	   et	   al.	   (2008)	  
demonstrated	   that	   a	   consortium	   of	   microorganisms	   enriched	   from	   anaerobic	   digester	   sludge	  
produced	   22%	   more	   power	   (576	   mW.m-­‐2)	   than	   a	   pure	   culture	   of	   Geobacter	   sulfurreducens	   (461	  
mW.m-­‐2)	  in	  a	  single	  chamber	  air-­‐cathode	  MFC	  fed	  minimal	  acetate	  medium.	  The	  difference	  in	  power	  
density	  is	  likely	  to	  be	  even	  higher	  with	  a	  more	  complex	  medium	  such	  as	  wastewater.	  Due	  to	  complex	  
interactions	  that	  occur	  within	  bacterial	  biofilms	  and	  a	  diverse	  range	  of	  complex	  organic	  sources	  used	  
in	   MFCs,	   the	   selective	   pressure	   on	   an	   electrode	   is	   not	   as	   simple	   as	   just	   power	   production.	   For	  
example,	  extensive	  degradation	  of	  complex	  organic	  compounds	  may	  be	  required	  before	  products	  are	  
available	  for	  the	  bacterial	  species	  that	  can	  interact	  with	  an	  electrode.	  While	  several	  dominant	  species	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in	  MFCs	   have	   been	   found	   to	   produce	   equal	   or	   greater	   current	   density	   in	   pure	   culture	   than	   their	  
original	  mixed	  communities,	  this	  is	  not	  always	  the	  case	  (Kiely	  et	  al.	  2011a,	  Nevin	  et	  al.	  2008,	  Watson	  
and	  Logan	  2010).	  Mixed	  communities	  are	  also	  less	  sensitive	  to	  environmental	  stress.	  Qu	  et	  al.	  (2012)	  
showed	   that	   a	   co-­‐culture	   of	   a	   non-­‐exoelectrogen	   (Escherichia	   coli)	   and	   Geobacter	   sulfurreducens	  
improved	   system	   performance	   relative	   to	   that	   of	   a	   pure	   culture	   of	  G.	   sulfurreducens	   due	   to	   the	  
consumption	  of	  oxygen	  leaking	  into	  the	  reactor.	  G.	  sulfurreducens	  was	  originally	  considered	  to	  be	  a	  
strict	   anaerobe	   (Caccavo	   et	   al.	   1994),	   but	   it	   is	   now	   well	   established	   that	   it	   can	   grow	   under	   low	  
dissolved	  oxygen	  conditions	  (10%	  or	  less)	  and	  that	  it	  is	  inactivated	  (Lin	  et	  al.	  2004)	  or	  killed	  at	  higher	  
concentrations	  (Nevin	  et	  al.	  2011).	  The	  non-­‐exoelectrogenic	  bacteria	  are	  important	  to	  the	  microbial	  
ecology	   of	   an	   MFC	   because	   they	   can	   scavenge	   dissolved	   oxygen	   to	   low	   levels,	   allowing	   greater	  
current	  generation	  and	  higher	  power	  production	  by	  G.	  sulfurreducens	  in	  a	  mixed	  culture	  than	  those	  
possible	  by	  the	  pure	  culture	  (Qu	  et	  al.	  2012).	  The	  best	  strategy	  to	  select	   for	  stable	  anode-­‐respiring	  
biofilms	   with	   high	   power	   output	   efficiency	   might	   therefore	   be	   to	   inoculate	   an	   MFC	   with	   mixed	  
communities	   and	   select	   for	   the	   best	   exoelectrogens	   in	   this	   consortium	   by	   applying	   specific	  
conditions,	   rather	   than	   inoculate	   the	   system	   with	   a	   single	   exoelectrogenic	   species.	   Mixed	  
communities	   containing	   exolectrogens	   such	   as	   Geobacter	   sp.	   are	   present	   in	   a	   variety	   of	  
environments	   including	   freshwater	   sediments	   (Chae	   et	   al.	   2009,	   Holmes	   et	   al.	   2004),	   marine	  
sediments	   (Bond	   et	   al.	   2002,	   Tender	   et	   al.	   2002),	   salt	   marshes	   (Holmes	   et	   al.	   2004),	   wastewater	  
treatment	  plants	  (Kan	  et	  al.	  2011,	  Lefebvre	  et	  al.	  2010),	  and	  recently	  in	  mangrove	  swamp	  sediments	  
(Salvin	  et	  al.	  2012)	  and	  compost	  (Nercessian	  et	  al.	  2012).	  
Varying	   anode	   potentials	   has	   been	   used	   by	   researchers	   to	   select	   for	   the	   best	   exoelectrogens	   in	   a	  
mixed	  community	  (Ishii	  et	  al.	  2014,	  Torres	  et	  al.	  2009,	  Yi	  et	  al.	  2009).	  Whether	  or	  not	  specific	  bacteria	  
can	   utilize	   a	   particular	   anode	   as	   a	   final	   electron	   acceptor	   for	   respiration	   depends,	   in	   part,	   on	   the	  
difference	  of	  potentials	  between	  the	  anode	  and	  the	  bacterial	  outer-­‐membrane	  cytochromes	  or	  redox	  
shuttles	  (Wagner	  et	  al.	  2010).	  If	  the	  electrode	  has	  a	  potential	  higher	  than	  the	  final	  electron	  donor	  of	  
the	  bacterial	  electron	  transport	  chain,	  the	  reaction	  is	  thermodynamically	  favourable	  and	  the	  bacteria	  
can	  produce	  enough	   cellular	   energy	   (ATP)	   to	   grow	  at	   the	  electrode	   surface.	   From	   the	   literature,	   it	  
appears	   that	   there	  are	   two	  distinct	   and	   somewhat	   contradictory	  ways	   to	  obtain	  an	  optimal	   anode	  
biofilm	  from	  a	  mixed	  community	   inoculum.	  Firstly,	   in	  a	  complex	  medium,	  like	  wastewater,	  the	  best	  
ARB	  communities	  are	  formed	  on	  an	  anode	  set	  up	  at	  a	  high	  potential	  using	  a	  potentiostat	  (Zhang	  et	  al.	  
2011).	  By	  having	  a	  high	  potential,	  the	  anode	  is	  readily	  available	  as	  an	  electron	  acceptor	  and	  bacteria	  
can	   easily	   transfer	   electrons	   to	   it,	   even	   using	   electron	   transfer	   pathways	   that	   are	   not	   particularly	  
efficient.	  This	  readily	  available	  pathway	  for	  anaerobic	  respiration	  presumably	  favours	  the	  growth	  of	  
anode-­‐respiring	  bacteria	  over	  methanogens	  and	  leads	  to	  relatively	  efficient	  anodic	  biofilms,	  enriched	  
with	  exoelectrogenic	  species,	  and	  improved	  MFC	  performance	  (Rismani-­‐Yazdi	  et	  al.	  2011).	  However,	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there	  is	  a	  threshold	  where	  higher	  anode	  potentials	  will	  not	  result	  in	  higher	  bacterial	  growth.	  Energy	  
conservation	   results	   from	   electron	   transfer	   and	   associated	   proton	   pumping	   across	   the	   inner	  
membrane,	   but	   not	   from	   any	   subsequent	   electron	   transfer	   reactions	   (Figure	   1.3).	   Therefore,	   even	  
though	   it	   is	   often	   considered	   that	   growth	   yields	   will	   be	   higher	   with	   anodes	   poised	   at	   higher	  
potentials,	   this	   is	  unlikely	   to	  be	   the	  case,	   just	  as	   reduction	  of	  Fe(III)	   forms	  with	  different	  mid-­‐point	  
potentials	   results	   in	   similar	   growth	   yields	   (Lovley	   2008b).	   Previous	   studies	   have	  proposed	   that	   the	  
electron	   transfer	   components	   of	  G.	   sulfurreducens	  were	   not	   affected	   by	   anode	   potentials	   ranging	  
from	  −0.2	  to	  0.4	  V	  (vs.	  Ag/AgCl)	  (Katuri	  et	  al.	  2010,	  Wei	  et	  al.	  2010).	  G.	  sulfurreducens	  has	  a	  Nernst-­‐
Monod	  EKA	  of	  ~	  -­‐0.15	  V	  vs	  SHE	  (Srikanth	  et	  al.	  2008,	  Torres	  et	  al.	  2008a).	  EKA	   is	  the	  anode	  potential	  
giving	  one-­‐half	   the	  maxium	   current	   density	   (Marcus	   et	   al.	   2007).	  On	   the	  other	   hand,	   pyocyanin,	   a	  
known	  electron	  shuttle	  produced	  by	  Pseudomonas	  sp.	  (Rabaey	  et	  al.	  2005a),	  has	  a	  redox	  potential	  of	  
-­‐0.03	  V	   vs	   SHE	   (Hernandez	  and	  Newman	  2001).	   Thus,	  we	   should	  expect	  G.	   sulfurreducens	   to	   grow	  
more	  efficiently	  at	   low	  anode	  potentials,	  whereas	  Pseudomonas	   sp.	  are	  adapted	   to	  grow	  at	  higher	  
potentials.	  Torres	  et	  al.	  (2009)	  proved	  that	  it	  was	  possible	  to	  produce	  an	  increasingly	  homogeneous	  
anode-­‐respiring	   biofilm	   community	   at	   lower	   anode	   potentials	   (−0.09	   and	   −0.15	   V	   vs.	   standard	  
hydrogen	   electrode,	   SHE,	   -­‐0.36	   and	   -­‐0.42	   V	   vs.	   Ag/AgCl	   respectively).	   From	   a	   rich	   inoculum	   of	  
wastewater	  bacteria,	  they	  were	  able	  to	  select	  an	  anode	  biofilm	  that	  was	  more	  than	  90%	  composed	  
of	  ARBs	  homologous	  to	  G.	  sulfurreducens	  (Torres	  et	  al.	  2009).	  Anode-­‐respiring	  biofilms	  were	  selected	  
under	   conditions	   that	   were	   not	   permissive	   for	   methanogenesis	   (methanogen	   inhibitor	   in	   the	  
medium),	   fermentation	   (acetate	   is	   a	   fermentation	   end	   products)	   or	   electron	   transfer	   via	   external	  
electron	  shuttles	  (anode	  potential	  too	  low).	  By	  eliminating	  fermenters	  and	  methanogens,	  there	  is	  no	  
need	   to	   give	   the	   ARB	   a	   selective	   advantage	   by	   providing	   a	   high	   potential	   difference	   between	   the	  
electron	  donor	  and	   the	  anode.	  To	   the	  contrary,	  by	  using	  a	   low	  potential	  difference,	  only	   the	  most	  
efficient	  ARB	  can	  grow	  on	  the	  anode.	   In	  the	   literature,	  an	  ongoing	  question	  remains	  as	  to	  whether	  
microbial	   communities	   primarily	   adapt	   through	   strain	   composition	  or	   physiologically	   to	   changes	   in	  
anode	  potential.	  Providing	  answers	  to	  this	  controversy	  is	  of	  interest	  to	  understand	  the	  biology	  of	  ARB	  
communities	   and	   for	   the	   development	   of	   efficient	   methods	   for	   the	   selection	   of	   ARB	   from	  mixed	  
inoculum	  communities	  in	  MFC.	  	  
Microbial	  fuel	  cells	  can	  be	  operated	  under	  a	  controlled	  potential	  (via	  a	  potentiostat)	  or	  by	  varying	  an	  
external	   resistance	   (the	   higher	   the	   external	   resistance,	   the	   lower	   the	   anode	   potential).	   The	  main	  
difference	  between	  the	  two	  methods	   is	  that	  when	  a	  potentiostat	   is	  used,	  the	  anode	  potential	   (and	  
thus	   driving	   force	   for	   electron	   transfer	   between	   biofilm	   and	   electrode)	   is	   fixed,	   whereas	   when	  
running	  with	  a	  fixed	  resistor,	  the	  anode	  potential	  would	  vary	  as	  a	  function	  of	  cell	  potential,	  current	  
and	   solution	   resistance.	   Therefore,	   altering	   the	   resistance	   does	   not	   allow	   close	  monitoring	   of	   the	  
anode	  potential,	  as	  the	  biofilm	  growing	  on	  the	  anode	  surface	  is	  likely	  to	  change	  the	  anode	  potential	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Torres	  et	  al.	  (2008b)	  showed	  that	  protons	  were	  mainly	  transported	  out	  of	  the	  biofilm	  by	  protonating	  
the	   conjugate	   base	   of	   the	   buffer.	   The	   maximum	   current	   generation	   was	   directly	   related	   to	   the	  
transport	   of	   the	  buffer,	  mainly	   by	  diffusion,	   into	   and	  out	  of	   the	  biofilm.	  With	  non-­‐limiting	   acetate	  
concentrations,	   the	   current	   density	   increased	   with	   higher	   buffer	   concentrations,	   going	   from	  
2.21	  A.m-­‐2	  with	  12.5	  mM	  phosphate	  buffer	  medium	  to	  9.3	  A.m-­‐2	  using	  a	  100	  mM	  phosphate	  buffer	  at	  
a	  constant	  anode	  potential	  of	  -­‐0.35	  V	  vs	  Ag/AgCl	  (Torres	  et	  al.	  2008b).	  	  
1.3.3 Use	  of	  anode-­‐respiring	  biofilms	  in	  biosensors	  for	  monitoring	  biochemical	  
oxygen	  demand	  (BOD)	  
Biochemical	   oxygen	   demand	   (BOD)	   is	   a	   measure	   of	   the	   oxygen	   consumed	   by	   aerobic	   microbial	  
metabolism	  to	  decompose	  the	  organic	  carbon	  pollution	   in	  water.	  BOD	   is	   typically	  measured	  by	  the	  
BOD5	  assay,	  which	   is	   a	   five-­‐day	   incubation	  of	   initially	   air-­‐saturated,	  diluted,	   aliquots	  of	   the	   sample	  
with	  mixed	  communities	  of	  bacteria.	   The	  depletion	  of	  oxygen	  within	   the	   samples	  due	   to	  microbial	  
metabolism	  is	  used	  as	  a	  measure	  of	  the	  BOD	  pollution	  originally	  contained	  in	  the	  samples.	  The	  BOD5	  
assay	  is	  a	  relatively	  slow	  whole	  cell	  bioassay	  with	  its	  speed	  being	  one	  limitation	  for	  its	  utility	  and	  the	  
drudgery	   of	   setting	   up	   multiple	   incubations	   in	   300	  mL	   bottles	   also	   perceived	   negatively	   by	   those	  
tasked	  with	   this	   chore.	   The	   assay	   is	   constrained	   by	   the	   poor	   solubility	   of	   oxygen	   in	   water,	   which	  
means	  that	  precisely	  diluted	  samples	  are	  needed	  to	  avoid	  the	  concentration	  of	  oxygen	  being	  limiting.	  
Results	  of	  the	  BOD5	  assay	  can	  also	  depend	  on	  the	  temperature,	  the	  possible	  presence	  of	  toxins	  and	  
the	   type	   of	   microorganism	   used.	   Efforts	   have	   been	   made	   over	   the	   years	   to	   speed	   up	   the	  
measurement	   of	   biologically	   available	   nutrients	   using	   assays	   and	   biosensors	   that	   still	   retain	   the	  
biological	   aspects	   of	   the	   BOD5	   assay.	   These	   efforts	   have	   generally	   focussed	   on:	   using	   shorter	  
incubations,	   coupling	  oxygen	   sensors	  with	  microbial	   biofilms	   (Liu	   and	  Dong	  2013,	   Liu	   et	   al.	   2013b,	  
Torrents	  et	  al.	  2012);	  replacing	  oxygen,	  which	  is	  poorly	  soluble	  in	  water,	  with	  more	  soluble,	  chemical	  
redox	  mediators	  such	  as	  potassium	  ferricyanide	  (Catterall	  et	  al.	  2001,	  Catterall	  et	  al.	  2003,	  Jordan	  et	  
al.	  2013,	  Morris	  et	  al.	  2001,	  Pasco	  et	  al.	  2004,	  Pasco	  et	  al.	  2001);	  measuring	  CO2	  production	  rather	  
than	  O2	  consumption	  (Chiappini	  et	  al.	  2010,	  Melidis	  et	  al.	  2008)	  or	  measuring	  electrical	  current	  from	  
microbial	  respiration	  using	  exoelectrogenic	  biofilms	  in	  microbial	  fuel	  cells	  (MFCs)	  (Kumlanghan	  et	  al.	  
2007,	  Modin	  and	  Wilen	  2012,	  Zhang	  and	  Angelidaki	  2011).	  
Microbial	   fuel	   cells	   (MFCs)	   have	   been	   used	   for	   several	   years	   as	   biosensors	   for	   measuring	  
environmental	  parameters	   such	  as	  BOD	  and	  water	   toxicity.	  A	  biosensor	   is	  an	  analytical	  device	   that	  
uses	   a	   sensitive	   biological	   component	   combined	   with	   a	   transducer	   to	   detect	   the	   presence	   of	   an	  
analyte	   of	   interest.	   In	   the	   case	   of	   an	  MFC,	   the	   biological	   component	   is	   an	   exoelectrogenic	   biofilm	  
established	  on	  an	  electrode	  that	  produces	  a	  current	  recorded	  by	  a	  potentiostat	  when	  placed	  in	  the	  
presence	   of	   a	   sample	   with	   unknown	   BOD	   (Figure	  1.9).	   The	   amount	   of	   current	   produced	   by	   the	  
exoelectrogenic	  biofilm	  is	  then	  proportional	  to	  the	  amount	  of	  organic	  matter	  in	  the	  sample.	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competitors.	  Developing	  specific	  reliable	  mixed	  community	  sensors	  offers	  huge	  potential	  for	  the	  real-­‐
time	  analysis	  of	  environmental	  contaminants	  and	  conditions	  for	  a	  large	  number	  of	  applications.	  
1.3.4 Characterization	  of	  anode-­‐respiring	  biofilms	  
Electrochemical	  analyses	  
Methods	  developed	  in	  electrochemistry	  can	  be	  applied	  to	  bioelectrochemical	  systems	  such	  as	  MFCs.	  
Two	  methods	  used	   in	  this	  study	  are	  explained	   in	  this	  section:	  power	  curve	  and	  cyclic	  voltammetry.	  
These	   methods	   evaluate	   the	   performance	   of	   the	   systems	   and	   the	   nature	   of	   the	   interaction	  
biofilm/electrode	  surface.	  
Power	  curves	  are	  performed	  in	  substrate	  saturation	  conditions.	  They	  represent	  the	  power	  delivered	  
by	  the	  system	  at	  different	  potential	  differences	  between	  the	  anode	  and	  the	  cathode	  (Figure	  1.10).	  A	  
series	   of	   potentials	   is	   applied	   between	   the	   anode	   (working	   electrode)	   and	   the	   cathode	   (auxiliary	  
electrode),	  using	  the	  auxiliary	  electrode	  as	  a	  reference.	  Starting	  from	  the	  open	  circuit	  potential	  to	  a	  
potential	   close	   to	   short-­‐circuit.	   The	   current	  delivered	  by	   the	   system	  at	   each	  potential	   is	  measured	  
once	  stabilized.	  The	  power	  output	  of	  the	  system	  from	  each	  potential	  can	  then	  be	  calculated	  from	  the	  
equation	  (2)	  below:	  
𝑃𝑃 = 𝑈𝑈×𝐼𝐼	  
Where	   the	  power	   (P)	   is	   the	  product	  of	   the	  potential	  applied	   (U)	  and	   the	  current	  measured	  at	   that	  
potential	  (I).	  	  
At	  open	  circuit	  potential,	   no	  electrons	  pass	   through	   the	   system	  and	   so	   the	   current	  and	   the	  power	  
output	   are	   equal	   to	   zero.	  When	   the	   difference	   of	   potential	   between	   the	   anode	   and	   the	   cathode	  
decreases,	  the	  power	  increases	  with	  the	  current	  until	  a	  maximum	  is	  reached.	  From	  there,	  the	  power	  
loss	   is	  mainly	  attributed	  to	  ohmic	   losses.	  Ohmic	   losses	  mostly	  depend	  on	  the	   internal	   resistance	  of	  
the	  system,	  the	  electrode	  material,	  the	  connections	  and	  the	  diffusion	  of	  ions	  in	  the	  biofilm	  and	  the	  
anolyte.	  This	  resistance	  to	  charge	  diffusion	  follows	  Ohm’s	  law	  and	  so	  it	  is	  proportional	  to	  the	  current.	  
The	  maximal	  power	  gives	  an	  indication	  on	  the	  performance	  of	  the	  system	  and	  its	  internal	  resistance.	  
To	   compare	   different	   systems,	   the	   power	   is	   reported	   proportional	   to	   the	   anode	   surface	   area	   and	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Figure	  1.13	   Principle	  of	  automated	  ribosomal	  intergenic	  spacer	  analysis	  (ARISA).	  Each	  green	  
peak	  of	  the	  electropherogram	  represents	  the	  presence	  of	  a	  different	  operational	  
taxonomic	  unit	  (OUT).	  The	  height	  of	  each	  peak	  crudely	  represents	  the	  relative	  
abundance	  of	  that	  OTU	  within	  the	  community.	  
In	   common	   with	   ARISA,	   T-­‐RFLP	   analysis	   is	   a	   semi-­‐quantitative	   molecular	   fingerprinting	   technique	  
which	   provides	   an	   efficient	   method	   of	   comparing	   populations.	   However,	   whereas	   ARISA	   typically	  
targets	  prokaryotes,	  T-­‐RFLP	  can	  be	  used	  for	  eukaryotes	  by	  targeting	  the	  18S	  rRNA	  gene.	  ARISA	  can	  be	  
used	   to	   profile	   populations	   of	   fungi	   and	   diatoms	   (Fechner	   et	   al.	   2010),	   but	   this	   method	   is	   not	  
considered	  to	  be	  particularly	  reliable	  compared	  to	  its	  use	  for	  profiling	  bacterial	  communities.	  T-­‐RFLP	  
was	   used	   in	   this	   study	   to	   assess	   the	   eukaryotic	   community	   of	   a	   photosynthetic	   biocathode	  
(Chapter	  7).	  Fluorescently	  labelled	  primers	  are	  used	  to	  amplify	  18S	  rRNA	  genes	  which	  are	  encode	  for	  
the	  presence	  of	  ribosomal	  subunits	  within	  eukaryotic	  taxa.	  The	  PCR	  products	  are	  then	  digested	  with	  
one	   or	   more	   restriction	   enzymes,	   resulting	   in	   the	   production	   of	   fluorescently	   labelled	   terminal	  
fragments.	  The	  length	  (in	  base	  pairs)	  of	  the	  fragment	  varies	  among	  taxa	  and	  the	  abundance	  of	  each	  
fragment	  length	  can	  be	  automatically	  detected	  using	  an	  approach	  similar	  to	  ARISA.	  This	  results	  in	  the	  
generation	   of	   profiles	   in	   which	   the	   number	   of	   peaks	   indicates	   the	   number	   of	   different	   terminal	  
fragments	  present,	  while	  the	  height	  and	  area	  of	  peaks	  indicate	  their	  relative	  abundance.	  As	  terminal	  
fragment	   length	  varies	  across	   taxa,	   these	  data	  can	  provide	  a	  profile	  of	  community	  structure	  within	  
each	  sample	  (Dopheide	  et	  al.	  2009).	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reduction	  of	  oxygen	  to	  water	  (or	  hydrogen	  peroxide)	  using	  electrons	  from	  the	  anode	  compartment.	  
One	   major	   limitation	   to	   the	   aerobic	   biocathodes	   is	   the	   low	   diffusion	   of	   oxygen.	   Photosynthetic	  
microbial	  fuel	  cells	  (pMFC)	  functionalised	  with	  photosynthetic	  organisms	  such	  as	  cyanobacteria	  and	  
benthic	   eukaryotes	   have	   been	   studied	   to	   provide	   oxygen	   at	   the	   cathode	  by	   photosynthesis.	   Some	  
photosynthetic	   biocathode	   biofilms	   have	   themselves	   been	   suspected	   to	   catalyse	   the	   reduction	   of	  
oxygen	  (Bergel	  et	  al.	  2005,	  Erable	  et	  al.	  2012,	  Freguia	  et	  al.	  2010,	  Strik	  et	  al.	  2010,	  Xia	  et	  al.	  2013).	  
Strik	  et	  al.	  (2010)	  managed	  to	  obtain	  a	  reversible	  bioelectrode	  cover	  with	  an	  aerobic	  photosynthetic	  
biofilm,	  which	  could	  act	  as	  a	  cathode	  during	  the	  light	  phase	  and	  as	  an	  anode	  during	  the	  dark	  phase	  
by	   providing	   organic	   matter	   to	   the	   heterotrophic	   bacteria.	   They	   demonstrated	   that	   during	  
illumination	  the	  biocathode	  potential	  was	  higher	  than	  an	  oxygen-­‐reducing	  cathode	  at	  a	  comparable	  
pH	  and	  oxygen	  concentration	  when	  no	  microorganisms	  are	  present.	  	  
Photosynthetic	  microbial	   fuel	   cells	   are	   a	   promising	   alternative	   to	   abiotic	   biocathodes	   as	   they	   only	  
require	   sunlight	   to	  grow	  and	  provide	  oxygen	  and	  are	  CO2-­‐neutral.	  Algal	  photosystems	  may	  also	  be	  
used	   to	   produce	   hydrogen,	   an	   energy-­‐dense	   fuel	   (Chisti	   2008,	   Hallenbeck	   and	   Benemann	   2002,	  
Hankamer	  et	  al.	  2007).	  However,	  even	  with	  the	  addition	  of	  a	  microbial	  catalyst,	  hydrogen	  production	  
from	  an	   electrode	   is	   inefficient	   (Hensley	   et	   al.	   2012).	   Furthermore,	   there	   is	   currently	   no	   industrial	  
infrastructure	  for	  mass	  hydrogen	  utilization	  and	  hydrogen	  is	  hard	  to	  transport	  (Antoni	  et	  al.	  2007).	  A	  
much	   more	   efficient	   process	   is	   generating	   high	   value	   organic	   compounds	   from	   electricity	   using	  
biocathodes,	  termed	  microbial	  electrosynthesis	  (ME).	  The	  compounds	  produced	  from	  the	  reduction	  
of	  CO2	  by	  ME	  depend	  upon	   the	   species	  present	   at	   the	  biocathode	   (mainly	   acetogens),	   but	   include	  
acids	   (e.g.	   acetate,	   butyrate,	   lactate	   and	   acetoin)	   (Drake	   et	   al.	   2008)	   and	   solvents	   (e.g.	   ethanol,	  
butanol,	  acetone	  and	  2-­‐propanol)	  (Duerre	  2008,	  Lee	  et	  al.	  2008a).	  However,	  the	  anodes	  used	  in	  ME	  
are	  not	  always	  microbial	  and	  most	  of	  the	  time	  the	  electrons	  are	  generated	  from	  the	  electrolysis	  of	  
water	  on	  abiotic	  anodes,	  which	  requires	  an	  extra	  supply	  of	  electricity.	  
1.4 Aims	  and	  objectives	  of	  this	  thesis	  
The	  main	  focus	  of	  this	  research	  is	  to	  engineer	  electrode	  biofilms	  communities	  for	  the	  improvement	  
of	   MFC	   technology	   in	   terms	   of	   electricity	   production	   and	   for	   the	   development	   of	   reliable	   BOD	  
biosensors.	  I	  expect	  to	  identify	  the	  key	  parameters	  to	  select	  for	  stable	  electrode	  biofilm	  communities	  
capable	   of	   direct	   electron	   transfer	   and	   investigate	   their	   utility	   as	   BOD	   biosensors.	   While,	   the	  
behaviour	   of	   pure	   cultures	   of	   anode-­‐respiring	   bacteria,	   such	   as	   Geobacter	   sp.,	   in	   MFCs	   is	   well	  
understood,	   little	   is	   known	   in	   the	   literature	   about	   the	   selection	   and	   structural	   and	   operational	  
stability	  of	  mixed	  biofilm	  communities.	  	  
Seven	   experiments	   were	   designed	   to	   test	   a	   variety	   of	   research	   questions	   arising	   from	   the	   main	  
project	  objectives.	  Each	  experiment	  constitutes	  a	  separate	  chapter	  of	   the	  thesis.	  Chapter	  2	  aims	  to	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develop	  a	  reliable	  approach	  to	  select	  for	  Geobacter-­‐dominated	  biofilms	  from	  soil	  and	  see	  if	  changing	  
the	  anode	  potential	  can	  alter	  the	  composition	  and	  improve	  the	  performance	  of	  the	  selected	  biofilm.	  
Controversy	   exists	   over	   the	   effect	   of	   anode	   potential	   on	   the	   selection	   of	   exoelectrogens	   from	   a	  
mixed	   community	   in	   MFCs.	   Some	   authors	   claim	   that	   anode	   potentials	   provide	   a	   strong	   selective	  
pressure,	   while	   others	   assert	   that	   set	   anode	   potential	   does	   not	   affect	   the	   composition	   of	   anode-­‐
respiring	   communities.	   In	   this	   work,	   I	   expect	   anode	   potentials	   to	   affect	   the	   electrochemical	  
properties	  and	  community	  structure	  of	  Geobacter-­‐dominated	  biofilms.	   Indeed,	   I	   suspect	   the	  mixed	  
community	  contained	  in	  the	  soil	  to	  have	  a	  large	  genetic	  diversity	  allowing	  the	  selection	  of	  particular	  
strains	  and	  species	  that	  already	  possess	  the	  optimal	  electron	  transfer	  pathways	  for	  particular	  anode	  
potentials.	   This	   chapter	   is	   important	   to	   advance	   our	   understanding	   of	   the	   structure	   of	   anode-­‐
respiring	  communities	  in	  microbial	  fuel	  cells.	  	  
Once	   the	   question	   of	   the	   importance	   of	   anode	   potentials	   is	   solved,	   other	   parameters	   such	   as	   the	  
inoculum	  source	  and	  the	  electrode	  surface	  properties	  will	  be	  tested.	  The	  main	  objective	  of	  chapter	  3	  
is	   to	  determine	   if	   the	  starter	   inocula	  or	  the	  electrode	  surface	  properties	  have	  any	   influence	  on	  the	  
Geobacter-­‐dominated	  biofilms	   in	   terms	  of	  performance	  and	  community	  structure.	   I	  will	  use	  starter	  
communities	  expected	  to	  contain	  varying	  amounts	  of	  Geobacter	  sp.	  (i.e.,	  from	  aerobic	  dry	  soil	  to	  wet	  
anaerobic	  sediments	  since	  Geobacter	  are	  prevalent	   in	  anaerobic	  sediment).	  Since,	  the	  communities	  
have	   four	   weeks	   to	   develop	   at	   the	   electrode	   surface	   and	   non-­‐symbiotic	   microorganisms	   are	  
considered	   to	   exhibit	   ubiquitous	   distributions,	   I	   predict	   the	   starter	   inocula	   to	   have	   only	   a	   limited	  
impact	  on	  the	  composition	  of	  Geobacter-­‐dominated	  communities.	  In	  parallel,	  four	  electrode	  surface	  
modifications	   will	   be	   tested.	   Modifications	   that	   negatively	   charge	   the	   electrode	   surface	   are	  
suspected	  to	  impact	  the	  microbial	  composition	  of	  the	  anodic	  community	  by	  repulsion,	  since	  bacterial	  
cells	  have	  a	  net	  negative	   surface	  charge.	   It	   is	  of	   great	   importance	   to	  determine	   the	  best	   choice	  of	  
electrode	  material	  for	  the	  development	  of	  highly	  efficient	  anode-­‐respiring	  biofilms.	  
Chapter	  4	   aims	   to	   establish	   if	   the	   community	   and	   performance	   stability	   of	   mature	   Geobacter-­‐
dominated	  biofilms	  are	  challenged	  when	  changing	  the	  anode	  potential	  and	  the	  carbon	  source	  from	  
simple	   substrates	   (e.g.	   acetate	   and	   ethanol)	   to	   a	  more	   complex	   one	   (synthetic	  wastewater).	   If,	   as	  
expected,	  the	  community	  structures	  and	  electrochemical	  performances	  of	  the	  biofilms	  are	  altered	  by	  
the	   new	   conditions,	   strategies	   to	   improve	   the	   stability	   of	   Geobacter-­‐dominated	   biofilms	   will	   be	  
tested.	  From	  the	  literature,	  it	  is	  clear	  that	  the	  most	  efficient	  anode-­‐respiring	  communities	  are	  those	  
made	  up	  of	  mixed	  communities	  and	  not	  single-­‐species	  biofilms.	  However,	   it	   is	  not	  clear	  how	  much	  
diversity	   is	   needed	   to	   produce	   efficient	   and	   stable	   anode-­‐respiring	   biofilms.	   Indeed,	   it	   has	   been	  
shown	   that	   a	   specialized,	   relatively	   homogeneous	   community	   of	   exoelectrogenic	   bacteria	   can,	   in	  
some	  conditions,	  out-­‐perform	  more	  heterogeneous	  anodic	  biofilms.	  Can	  such	  low-­‐diversity	  biofilms	  
retain	   their	   community	   structure	   and	   their	   special	   electrochemical	   properties	   when	   operating	   in	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“real-­‐world”	   conditions?	  Moreover,	   can	   homogeneous	   exoelectrogenic	   biofilms	   form	   a	   specialised	  
anodic	   “basal	   community”	   to	   which	   other	   functions	   and	   properties,	   such	   as	   biosensing,	   can	   be	  
added?	  These	  research	  questions	  are	  of	  importance	  because	  the	  reliability	  of	  biosensors	  depends	  to	  
a	  large	  extent	  on	  the	  functional	  stability	  of	  their	  component	  microbial	  communities.	  	  
The	  objective	  of	  the	  chapter	  5	  is	  to	  determine	  if	  Geobacter-­‐dominated	  biofilms	  can	  be	  reliably	  used	  
to	   test	   the	   BOD	   of	   complex	  media.	   In	   this	   chapter,	   I	   will	  measure	   the	   BOD	   of	   simple	   or	   complex	  
substrates	   using	  Geobacter-­‐dominated	   biofilm	   selected	   on	   an	   anode	   poised	   at	   -­‐0.36	  V	   vs	   Ag/AgCl	  
with	   ethanol	   as	   sole	   carbon.	   Ethanol	   is	   expected	   to	   select	   for	   a	   biofilm	   with	   a	   broader	   substrate	  
usage	  and	  slightly	  more	  diverse	  community	  than	  would	  be	  selected	  on	  acetate.	  These	  two	  features	  
are	  anticipated	  to	  be	  beneficial	  for	  biosensing	  applications.	  The	  research	  presented	  in	  this	  chapter	  is	  
of	  interest	  for	  the	  development	  of	  a	  new	  generation	  of	  whole-­‐cell	  biosensors.	  
The	  last	  two	  chapters	  focus	  on	  engineering	  cathodic	  biofilms	  to	  overcome	  the	  limitations	  due	  to	  the	  
catalysis	  of	  oxygen	   reduction	   reaction.	   In	   chapter	  6,	   I	  will	   investigate	   if	   photosynthetic	  biocathodic	  
communities	  can	  enhance	  the	  power	  output	  of	  a	  benthic-­‐like	  MFC.	  I	  expect	  this	  to	  be	  the	  case	  since	  
photosynthetic	  biofilm	  may	  contribute	   to	   the	  catalysis	  of	  oxygen	  reduction	  at	   the	  cathode	  surface.	  
During	   this	   experiment,	   I	  will	   use	   a	   variety	   of	   approaches	   to	   predict	   various	   cathodic	  mechanisms	  
involved	  in	  oxygen	  reduction.	  From	  a	  similar	  perspective,	  chapter	  7	  aims	  to	  determine	  if	  cathodes	  of	  
closed	  and	  open-­‐circuit	  MFCs	  select	  for	  photosynthetic	  biofilms	  with	  different	  community	  structures	  
and	   cathodic	   mechanisms.	   In	   open-­‐circuit	   cathodes,	   the	   electrons	   produced	   at	   the	   anode	   do	   not	  
reach	   the	   cathode.	   Therefore,	   the	   potential	   of	   an	   open-­‐circuit	   cathode	   is	   independent	   of	   anodic	  
reactions	   and	   differ	   from	   the	   potential	   of	   a	   closed-­‐circuit	   cathode.	   If	   the	   potential	   of	   the	   cathode	  
influence	   the	   composition	   of	   the	   photosynthetic	   biofilm,	   differences	   in	   community	   structures	  
between	   the	   cathodic	   biofilms	   of	   open	   and	   closed	   circuit	  MFCs	   should	   be	   observed.	   The	   price	   of	  
MFCs	   is	  today	  a	  major	  obstacle	  to	  their	  scale-­‐up.	  However,	  engineered	  photosynthetic	  biocathodes	  
able	   to	   catalyse	   the	   reduction	   of	   oxygen	   could	   offer	   an	   alternative	   to	   the	   use	   of	   rare-­‐earth	  metal	  
catalysts	  and	  thereby	  decrease	  the	  cost	  of	  MFCs.	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Chapter	  2	  
Influence	  of	  anode	  potential	  on	  selection	  of	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2.1 Introduction	  
In	   Microbial	   Fuel	   Cells	   (MFCs),	   anode-­‐respiring	   bacteria	   (ARB)	   transfer	   electrons	   from	   their	  
respiratory	  electron	  transfer	  chains	  to	  solid	  substrate	  anodes	  that	  act	  as	  terminal	  electron	  acceptors.	  
Because	  ARB	  use	   the	  anode	   for	   respiration,	   they	  optimally	  grow	  on	   the	  anode	  surface	  as	  part	  of	  a	  
biofilm	  community.	  Electron	  transfer	  from	  ARB	  communities	  to	  an	  anode	  can	  occur	  by	  direct	  physical	  
contact	  between	   terminal	   cytochromes	  and	   the	  anode	  and	   through	   the	  cycling	  of	   redox	  mediators	  
(Logan	  2009,	  Wagner	  et	  al.	  2010).	  To	  optimize	  selection	  of	  specialized	  anode-­‐respiring	  biofilms	   it	   is	  
necessary	  to	  gain	  a	  better	  understanding	  of	  ARB	  communities,	  their	   interactions	  within	  the	  biofilm,	  
with	  other	  microorganisms	  and	  with	  electrodes.	  	  
It	   should	   be	   possible	   to	   use	   anode	   electrical	   potential	   as	   a	   mechanism	   to	   select	   various	   ARB	  
communities	  with	  different	  electron	  transfer	  properties	  (Ishii	  et	  al.	  2014,	  Torres	  et	  al.	  2009,	  Yi	  et	  al.	  
2009).	  Whether	  or	  not	  specific	  bacteria	  can	  utilize	  a	  particular	  anode	  as	  a	  terminal	  electron	  acceptor	  
for	  respiration	  depends,	  in	  part,	  on	  the	  oxidation	  potential	  of	  the	  electron	  donor	  (e.g.,	  for	  acetate,	  E	  
~	   -­‐0.5	  V	   vs	   Ag/AgCl	   for	   pH=7	   and	   T=25°C),	   the	   electrical	   potential	   of	   the	   anode	   and	   the	   bacterial	  
terminal	  respiratory	  proteins	  (Wagner	  et	  al.	  2010).	  The	   lower	  the	  potential	  difference	  between	  the	  
anode	   potential	   and	   the	   oxidation	   potential	   of	   the	   electron	   donor,	   the	   harder	   it	   is	   for	   the	   anode	  
respiring	   bacteria	   to	   transfer	   electrons	   to	   the	   electrode.	   At	   low	   anode	   potential,	   only	   bacteria	  
capable	   of	   direct	   electron	   transfer	   with	   the	   electrode	   are	   likely	   to	   be	   selected	   as	   it	   is	   almost	  
impossible	   for	  bacteria	  to	  use	  an	  electron	  shuttle.	   Indeed,	  adding	  an	  extra	  redox	  reaction	  between	  
the	  terminal	  reductases	  (e.g.,	  cytochromes)	  of	  the	  bacteria	  and	  the	  electrode	  requires	  the	  terminal	  
reductases	   to	   be	   oxidized	   at	   lower	   potential	   than	   the	   electron	   shuttle,	   reducing	   the	   global	   energy	  
available	  for	  the	  production	  of	  ATP.	  ARB	  communities	  appear	  to	  adjust	  to	  anode	  potential	  to	  some	  
extent	  so	  that	  their	  operative	  terminal	  reductases	  have	  redox	  potentials	   just	  negative	  of	  the	  anode	  
potential	   (Finkelstein	   et	   al.	   2006,	  Wei	   et	   al.	   2010).	   It	   is	   still	   unknown	   whether	   this	   adjustment	   is	  
primarily	  due	  to	  selection	  of	  particular	  strains	  and	  species	  within	  the	  communities	  that	  have	  different	  
optimal	  electron	  transfer	  potentials	  or	  whether	  it	  is	  through	  physiological	  adaptation	  of	  species	  that	  
have	   the	   capacity	   to	   adapt	   to	   different	   potentials.	   Recent	   studies	   suggest	   that	   Geobacter	  
sulfurreducens	   expresses	   additional	   extracellular	   electron	   transfer	   components	   in	   response	   to	  
changes	   of	   set	   anode	   potentials	   (Busalmen	   et	   al.	   2008,	   Zhu	   et	   al.	   2012).	  While	   this	   suggests	   that	  
physiological	   adaptation	   is	   possible,	   other	   studies	   have	   proposed	   that	   the	   electron	   transfer	  
components	  of	  G.	  sulfurreducens	  were	  not	  affected	  by	  anode	  potentials	  ranging	  from	  −0.2	  V	  to	  0.4	  V	  
(vs.	  Ag/AgCl)	  (Katuri	  et	  al.	  2010,	  Wei	  et	  al.	  2010).	  	  
Several	  studies	  have	  sought	  to	  select	   for	  anodic	  biofilms	  enriched	   in	  Geobacteraceae	   from	  a	  mixed	  
community,	  but	  each	  study	  used	  its	  own	  methodology	  and	  no	  standard	  method	  is	  yet	  defined.	  Liu	  et	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al.	  (2008)	  used	  a	  “two	  step	  enrichment	  procedure”	  with	  a	  primary	  selection	  of	  electro-­‐active	  biofilm	  
from	   a	   domestic	   wastewater	   community	   at	   an	   anode	   potential	   of	   0.2	  V	   vs	   Ag/AgCl.	   The	   primary	  
biofilm	  was	  then	  used	  as	  an	  inoculum	  for	  a	  new	  clean	  anode	  poised	  at	  the	  same	  potential,	  which	  was	  
rapidly	  colonized	  by	  a	  biofilm	  having	  the	  same	  electrical	  properties	  as	  a	  biofilm	  of	  G.	  sulfurreducens	  
(Liu	  et	  al.	   2008).	   Torres	  et	   al.	   (2009)	  demonstrated	   that	   it	  was	  possible	   to	  produce	  an	   increasingly	  
homogeneous	  anode-­‐respiring	  biofilm	  community	  at	  lower	  anode	  potentials	  (-­‐0.09	  V	  and	  -­‐0.15	  V	  vs	  
standard	   hydrogen	   electrode).	   Anode-­‐respiring	   biofilms	  were	   selected	   under	   conditions	   that	  were	  
not	  permissive	  for	  methanogenesis,	  fermentation	  or	  electron	  transfer	  via	  external	  electron	  shuttles	  
allowing	  only	  anode-­‐respiring	  bacteria	   to	  grow.	  From	  a	   rich	   inoculum	  of	  wastewater	  bacteria,	   they	  
were	   able	   to	   select	   an	   anode	   biofilm	   that	  was	  more	   than	   90%	   composed	   of	   ARBs	   homologous	   to	  
Geobacter	  sulfurreducens	  (Torres	  et	  al.	  2009).	  
In	  this	  study,	  two	  different	  methods	  adapted	  from	  previous	  work	  (Torres	  et	  al.	  2009)	  were	  used	  in	  an	  
attempt	   to	   reproducibly	   select	   anode	   biofilms,	   dominated	   by	   bacteria	   capable	   of	   direct	   electron	  
transfer,	  from	  an	  environmental	  inoculum	  using	  graphite	  electrodes	  initially	  poised	  at	  -­‐0.25	  V,	  -­‐0.36	  V	  
and	   -­‐0.42	  V	   vs	   Ag/AgCl.	   Differences	   in	   the	   biofilm	   bacterial	   communities	   were	   characterized	   by	  
parallel	   analysis	   with	   two	   DNA	   fingerprinting	  methods.	   The	   identity	   of	   dominant	  members	   of	   the	  
communities	  was	  subsequently	  confirmed	  by	  DNA	  sequencing.	  The	  impact	  of	  the	  anode	  potential	  on	  
the	   electroactivity	   of	   the	   anodic	   biofilms	   was	   investigated	   using	   electrochemical	   analyses	   (power	  
curves	   and	   cyclic	   voltammetry).	   The	   influence	   of	   the	   anode	   potential	   on	   start-­‐up	   time	   was	   also	  
examined.	  
2.2 Methods	  
2.2.1 Electrode	  pre-­‐treatment	  
Graphite	   rod	   electrodes	   of	   5.81	  cm2	   surface	   area,	   4	  mm	   diameter	   (www.graphitestore.com)	   were	  
polished	  with	  fine	  sandpaper	  and	  rinsed	  with	  distilled	  water	  before	  use.	  	  
2.2.2 Selection	  method	  1	  	  
The	  anode-­‐respiring	  biofilms	  were	   selected	   in	  microbial	   fuel	   cells	   (MFCs)	  with	   the	   anode	  potential	  
being	   maintained	   at	   a	   set	   value	   against	   a	   reference	   electrode	   by	   means	   of	   a	   potentiostat.	   The	  
microbial	  fuel	  cells	  (MFCs)	  were	  inoculated	  with	  a	  50:50	  mixture	  of	  soil	  and	  activated	  sludge	  from	  a	  
wastewater	  treatment	  plant	  (Bromley,	  Christchurch,	  NZ)	  at	  a	  rate	  of	  1	  mL	  of	  inoculum	  per	  100	  mL	  of	  
medium.	   Anode-­‐respiring	   biofilms	   were	   grown	   anaerobically	   in	   100	  mL	   dual-­‐chamber	   MFCs	   in	  
minimal	   medium	   with	   15	  mM	   acetate	   as	   the	   sole	   carbon	   source,	   supplemented	   with	   the	  
methanogenic	   inhibitor	   2-­‐bromoethanesulfonate	   (BES),	   according	   to	   the	   method	   of	   Torres	   et	   al.	  
(2009).	   The	   acetate	   medium	   contained	   0.2	  M	   phosphate	   buffer	   as	   Na2HPO4/KH2PO4	   (pH	   =	   6.8),	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7.1	  mM	  NH4Cl,	   15	  mM	  acetate	   and	   3	  mM	  BES	   (Chae	   et	   al.	   2010),	   autoclaved	   to	   sterilize,	   and	   then	  
supplemented	   with	   a	   filter	   sterilized	  mineral	   solution	   to	   a	   final	   concentration	   (in	   1	  L)	   of:	   5	  mg	   of	  
EDTA,	  11.6	  mg	  of	  MgCl2,	  5.9	  mg	  of	  MnCl2.4	  H2O,	  0.8	  mg	  of	  CoCl2.6H2O,	  1.14	  mg	  of	  CaCl2.2	  H2O,	  0.5	  mg	  
of	   ZnCl2,	   0.1	  mg	   of	   CuSO4.5	   H2O,	   0.1	  mg	   of	   AlK(SO4)2,	   0.1	  mg	   H3BO3,	   0.2	  mg	   of	   Na2MoO4.2	   H2O,	  
0.01	  mg	  Na2SeO3,	  0.1	  mg	  of	  Na2WO4.2	  H2O,	  0.2	  mg	  of	  NiCl2.6	  H2O,	  3.6	  mg	  of	  FeCl2.2	  H2O	  and	  3.6	  mg	  
Na2S.9	  H2O.	  The	  working	  electrodes	  were	  poised	  at	  either	  -­‐0.36	  V	  or	  -­‐0.42	  V	  versus	  Ag/AgCl,	  as	  these	  
potentials	  strongly	  selected	  for	  Geobacter	  sp.	   in	  Torres	  et	  al.	  (2009).	  One	  potential	  was	  applied	  per	  
MFC,	   using	   a	   three-­‐electrode	   arrangement	   consisting	   of	   a	   working	   electrode	   (graphite	   rod),	   a	  
Ag/AgCl	   reference	  electrode	   and	   a	   counter	   electrode	   (carbon	   cloth,	   Fuel	   Cell	   Earth	   LLC,	  Ma,	  USA).	  
The	   counter	   electrode	   was	   separated	   from	   the	   analyte	   by	   an	   Ultrex	   CMI-­‐7000	   cation-­‐exchange	  
membrane	   (Membranes	   International	   Inc.,	   NJ,	   USA).	   The	   medium,	   the	   anode	   chamber	   and	   the	  
cathode	  chamber	  were	  constantly	  sparged	  with	  nitrogen	  (containing	  <10	  ppm	  of	  oxygen,	  according	  
to	   the	  manufacturer,	  BOC,	  NZ)	  at	  a	   low	  flow	  rate	   to	  maintain	  anaerobic	  conditions	   throughout	   the	  
experiment.	  The	  cathode	  chamber	  contained	  0.2	  M	  phosphate	  buffer	  (pH	  6.8).	  Working	  electrodes	  at	  
equidistance	   from	   the	   Ag/AgCl	   reference	   electrode	   were	   maintained	   at	   fixed	   potentials	   by	   a	   4-­‐
channel	   potentiostat	   (model	   EA164	  QuadStat)	   connected	   to	   an	   e-­‐corder	  1621	   unit	   (eDAQ	   Pty	   Ltd,	  
NSW,	  AUS).	  The	  e-­‐corder	  was	  used	   to	  collect,	  display	  and	  analyse	   the	   signals	  on	  a	   computer	  using	  
Chart	   and	   Scope	   software	   (eDAQ	   Pty	   Ltd,	   NSW,	   AUS).	   Measurements	   of	   generated	   current	   were	  
made	  every	  10	  min.	  The	  MFCs	  were	  run	  in	  batch	  mode	  for	  5	  days,	  and	  then	  continually	  supplied	  with	  
fresh	  15	  mM	  acetate	  medium	  at	  a	  hydraulic	  retention	  time	  of	  20	  h.	  They	  were	  incubated	  at	  31°C	  in	  
the	  dark	  to	  avoid	  photosynthesis	  and	  oxygen	  production	  until	  the	  currents	  reached	  a	  plateau	  (within	  
2	  and	  4	  weeks	  from	  inoculation).	  	  
2.2.3 Selection	  method	  2	  	  
Selection	  method	   1	   did	   not	   select	   for	   a	  Geobacter-­‐dominated	   anode	   biofilm	   as	   expected	   (Section	  
2.2.2).	  Broad	  changes	  to	  parameters	  that	  could	  have	  affected	  the	  growth	  of	  Geobacter	  were	  made.	  
Selection	  method	   2	  was	   the	   same	   as	  method	   1,	   except	   that	   the	   feeding	  mode	  was	   changed	   from	  
continuous	  to	  batch	  mode,	  the	  temperature	  was	  decreased	  from	  31°C	  to	  room	  temperature	  (18°C),	  
the	  phosphate	  buffer	  concentration	  was	  reduced	  by	  half	   (0.1	  M,	  pH	  7.5)	  and	  the	  medium	  was	  only	  
sparged	   with	   nitrogen	   (<10	   ppm	   of	   O2)	   for	   10	   minutes	   before	   feeding	   and	   the	   buffer	   was	   not	  
sparged.	  The	  working	  electrodes	  were	   initially	  held	  at	   -­‐0.25	  V,	   -­‐0.36	  V	  and	   -­‐0.42	  V	  vs	  Ag/AgCl,	  with	  
one	  potential	  applied	  per	  MFC	  (two	  -­‐0.25	  V	  and	  two	  -­‐0.36	  V	  in	  one	  experiment;	  one	  -­‐0.25	  V	  and	  one	  -­‐
0.42	  V	   in	   a	   separate	   experiment).	   The	   potentiostat	   has	   a	   maximum	   current	   limit	   of	   1	  mA	   when	  
recording	   current	   in	   three-­‐electrode	   configuration.	   Therefore,	   the	   anode	  potential	  was	   reduced	  as	  
the	   current	   approached	   1	  mA	   (9	   days	   after	   inoculation),	   until	   all	   the	   electrodes	   were	   eventually	  
poised	  at	  -­‐0.5	  V	  vs	  Ag/AgCl.	  The	  MFCs	  were	  inoculated	  using	  50	  mL	  of	  water-­‐saturated	  soil	  diluted	  in	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each	   sample.	   ARISA	   of	   bacterial	   DNA	   was	   performed	   as	   previously	   described	   (Lear	   et	   al.	   2008).	  
Briefly,	   DNA	   was	   amplified	   using	   Promega	   GoTaq®	   Green	   DNA	   polymerase	   mastermix	   (Invitro	  
Technologies	  Ltd.,	  NZ)	  and	  the	  universal	  bacterial	  primers	  SDBact	  (5’-­‐TGC	  GGC	  TGG	  ATC	  CCC	  TCC	  TT-­‐
3’,	   position	   1522-­‐1541	   bp	   on	   16S	   RNA	   of	   E.	  coli)	   and	   LDBact	   (5’-­‐CCG	   GGT	   TTC	   CCC	   ATT	   CGG-­‐3’,	  
position	  115-­‐132	  bp	  on	  23S	  RNA	  of	  E.	  coli)	   (Ranjard	  et	  al.	  2001).	  The	  primer	  SDBact	  was	   labelled	  at	  
the	  5’	  end	  with	  HEX	   (6-­‐carboxyhexafluorescein)	   fluorochrome	   (Invitrogen	  Molecular	  Probes,	  NZ)	   to	  
enable	   automated	   detection	   of	   the	   amplified	   PCR	   product.	   The	   PCR	   mix	   was	   supplemented	   with	  
bovine	   serum	   albumin	   (BSA,	   Invitrogen,	   NZ)	   to	   a	   final	   concentration	   of	   2	  mg/mL.	   PCR	   cycles	  were	  
performed	  using	  the	  following	  conditions:	  (i)	  95°C	  for	  5	  min;	  (ii)	  30	  cycles	  of	  95°C	  for	  30	  s,	  61.5°C	  for	  
30	  s,	   72°C	   for	   90	  s,	   and	   then	   (iii)	   72°C	   for	   10	  min.	   PCR	   products	   (50	  µL)	   were	   purified	   using	   a	  
PureLinkTM	   PCR	   Purification	   kit	   (Invitrogen).	   A	   volume	   (1	  µL)	   of	   each	   purified	   PCR	   product	   was	  
combined	  with	  10	  µL	  Hi-­‐Di	  formamide	  and	  an	  internal	  LIZ1200	  standard	  (Applied	  Biosystems	  Ltd.,	  NZ)	  
before	  being	  heat	  treated	  (95°C	  for	  5	  min)	  and	  immediately	  cooled	  on	  ice.	  The	  amplified	  intergenic	  
spacer	   fragments	   were	   then	   size	   fractionated	   on	   a	   3130XL	   Capillary	   Genetic	   Analyser	   (Applied	  
Biosystems	  Ltd.)	  using	  a	  50	  cm	  capillary	  and	  standard	  GeneMapper	  protocol,	  but	  with	  an	   increased	  
run	  time	  (15	  kV	  for	  18	  h).	  GeneMapper	  software	  (version	  3.7,	  Applied	  Biosystems	  Ltd.)	  was	  used	  to	  
convert	  fluorescence	  data	  from	  the	  analyser	  into	  electropherograms,	  which	  enabled	  a	  comparison	  of	  
the	  proportional	  quantities	  of	  different-­‐sized	  DNA	  fragments	  in	  each	  sampled	  community	  (Lear	  et	  al.	  
2008).	   To	   include	   the	   maximum	   number	   of	   peaks	   while	   excluding	   background	   fluorescence,	   only	  
peaks	   with	   a	   fluorescence	   value	   of	   100	  U	   or	   greater	   were	   subsequently	   analysed.	   The	   total	   area	  
under	  the	  curve	  was	  normalised	  (to	  100)	  to	  remove	  differences	  in	  profiles	  caused	  by	  different	  DNA	  
template	  quantities,	  and	  peak	  size	  was	  rounded	  to	  the	  nearest	  whole	  number.	  Using	  this	  approach,	  
each	   ARISA	   peak	   describes	   an	   operational	   taxonomic	   unit	   (OTU)	   of	   the	   bacterial	   community.	   The	  
height	   of	   each	   peak	   then	   details	   the	   relative	   abundance	   of	   that	   OTU	   within	   the	   community.	   The	  
similarities	   between	   the	   bacterial	   community	   data	   among	   samples	   were	   compared	   using	   a	   Bray-­‐
Curtis	   similarity	  matrix	   (Legendre	  and	  Legendre	  1998)	  and	  visualised	   in	  PRIMER6	  software	   (version	  
6.1.12,	  Primer-­‐E	  Ltd.,	  Plymouth,	  UK).	  
Single	  Strand	  Conformation	  Polymorphism	  (SSCP)	  
In	   addition	   to	   ARISA,	   SSCP	   and/or	   restriction	   fragment	   length	   polymorphism	   (RFLP)	   analysis	   were	  
used	  to	  characterize	  the	  bacterial	  communities	  within	  biofilm	  samples	  from	  DNA	  sequence	  data.	  The	  
bacterial	  16S	  rRNA	  gene	  was	  amplified	  using	  a	  BIOTAQ™	  PCR	  kit	  (Bioline),	  the	  PCR	  primer	  set	  B342If	  
(5’-­‐CTA	  CGG	  GIG	  GCI	  GCA	  GT-­‐3’,	  position	  342-­‐359	  bp	  on	  16S	   ribosomal	  RNA	  of	  E.	  coli)	  /	  U806Ir	   (5’-­‐
GGA	   CTA	   CCI	   GGG	   TIT	   CTA	  A-­‐3’,	   position	   787-­‐806	   bp	   on	   16S	   ribosomal	   RNA	   of	  E.	  coli)	   (Hori	   et	   al.	  
2006)	  and	  the	  following	  PCR	  conditions:	  (i)	  94°C	  for	  3	  min;	  (ii)	  30	  cycles	  of	  94°C	  for	  60	  s,	  50°C	  for	  60	  s,	  
72°C	  for	  70	  s,	  and	  then	  (iii)	  72°C	  for	  5	  min.	  The	  reverse	  primer	  U806Ir	  was	  phosphorylated	  at	  the	  5’	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end	  for	  single-­‐strand	  digestion.	  PCR	  products	  were	  adjusted	  to	  30	  ng/µL	  in	  50	  µL	  with	  sterile	  distilled	  
H2O	  prior	   to	   SSCP	  electrophoresis.	   The	  PCR	  products	  were	  digested	  with	   10U	   lambda	  exonuclease	  
(New	  England	  Biolabs	   Inc.,	  MA,	  USA)	   at	   37°C	   for	   45	  min.	   The	   single-­‐stranded	  DNA	  was	  purified	  by	  
phenol-­‐chloroform	  extraction	  (Sambrook	  and	  Russell	  2001)	  and	  resuspended	  in	  8	  µL	  of	  10	  mM	  Tris-­‐
HCl	   pH	  8.0.	   Prior	   to	   SSCP	   electrophoresis,	   the	   DNA	  was	   suspended	   in	   1	  vol.	   of	   denaturing	   loading	  
buffer	   (95%	  [vol/vol]	   formamide,	  10	  mM	  NaOH	  and	  0.025%	  [wt/vol]	  bromophenol	  blue),	  boiled	   for	  
2	  min	   and	   then	   cooled	   immediately	  on	   ice.	   Samples	  were	   fractionated	  on	  a	  40%	  acrylamide	  gel	   in	  
0.5x	  TBE	  (45	  mM	  Tris-­‐HCl,	  45	  mM	  boric	  acid,	  1	  mM	  EDTA,	  pH	  8.0)	  for	  ~20	  h	  at	  300	  V.	  DNA	  in	  the	  gels	  
was	  visualized	  by	  silver	  staining	  (Sambrook	  and	  Russell	  2001).	  The	  dominant	  bands	  from	  each	  sample	  
were	  excised	  with	  a	  sterile	  scalpel	  placed	   in	  10	  mM	  Tris-­‐HCl	  pH	  8.0	  and	  subjected	  to	  a	  freeze/thaw	  
cycle	  to	  extract	  the	  DNA.	  The	  DNA	  fragments	  were	  then	  reamplified	  by	  PCR	  (as	  previously	  described)	  
prior	  to	  sequence	  analysis	  of	  16S	  rRNA	  genes.	  
2.2.8 Amplification	  of	  Geobacter	  sp.	  16S	  rRNA	  genes	  
Amplification	   of	   16S	   rRNA	   genes	   of	   Geobacter	   sp.	   was	   performed	   on	   anode-­‐respiring	   biofilms	  
selected	   in	  method	   1	   to	   reveal	   the	   presence	   of	  Geobacter	   sp.,	  Geobacter-­‐specific	   DNA	   sequences	  
were	   amplified	   using	   BIOTAQ™	   PCR	   kit	   (Bioline),	   the	   PCR	   primers	   Geo564F	   (5'-­‐AAG	   CGT	   TGT	   TCG	  
GAW	  TTA	  T-­‐3')	  and	  Geo840R	  (5'-­‐GGC	  ACT	  GCA	  GGG	  GTC	  AAT	  A-­‐3')	  and	  the	  following	  PCR	  conditions,	  
as	  described	  by	  Cummings	  et	  al.	  (2003):	  (i)	  94°C	  for	  4	  min;	  (ii)	  40	  cycles	  of	  94°C	  for	  30	  s,	  touchdown	  
from	  65°C	   to	  55°C	   in	  0.5°C	   increments	  over	  20	   steps	   for	  30	  s,	   72°C	   for	  30	  s,	   and	   then	   (iii)	   72°C	   for	  
7	  min.	  PCR	  products	  were	  then	  purified	  using	  a	  PureLinkTM	  PCR	  purification	  kit	  (Invitrogen).	  	  
2.2.9 Cloning	  and	  DNA	  sequencing	  
Cloning	  
For	  sequencing,	  16S	   rRNA	  and	   ITS	   fragments	  were	   inserted	   in	  pCR2.1	  vectors	  using	  TA	  Cloning®	  Kit	  
(Invitrogen,	  USA)	  and	  transformed	  into	  One	  Shot®	  E.	  coli	  TOP10F’	  CaCl2	  competent	  cells,	  according	  to	  
the	  manufacturer’s	   protocol	   (Invitrogen,	   USA).	   Isolated	   clones	  were	   selected	   on	   Luria	   Bertani	   (LB)	  
agar	  plates	  containing	  100	  µg/mL	  of	  ampicillin.	  	  
Restriction	  fragment	  length	  polymorphism	  (RFLP)	  
This	  method	  was	  used	   to	   identify	   the	  dominant	   species	   of	   bacteria	   present	  within	   anodic	   biofilms	  
selected	  using	  method	  2	  only.	  As	   the	  biofilms	   selected	   in	  method	  1	  were	  highly	  diverse,	   SSCP	  was	  
used	  instead.	  	  
Amplified	   fragments	   of	   16S	   rRNA	   genes	   from	   the	   biofilms	   selected	   in	   method	   2	   were	   cloned	   as	  
described	   previously.	   A	   total	   of	   15	   isolated	   clones	   for	   each	   sample	  were	   selected	   and	   the	   inserts	  
amplified	  by	  PCR	  using	  plasmid-­‐specific	  primers	  M13f	   (5’-­‐CTG	  GCC	  GTC	  GTT	  TTA-­‐3’)	  /	  M13r	   (5’-­‐CAG	  
	   40	  
GAA	  ACA	  GCT	  ATG	  AC-­‐3’)	  and	  the	  following	  PCR	  conditions:	  (i)	  94°C	  for	  3	  min;	  (ii)	  30	  cycles	  of	  94°C	  for	  
60	  s,	  50°C	   for	  60	  s,	  72°C	   for	  70	  s,	  and	  then	   (iii)	  72°C	   for	  5	  min.	  The	  DNA	  concentration	   in	  each	  PCR	  
product	  was	  adjusted	  to	  100	  ±	  30	  ng/µL	  and	  digested	  with	  the	  restriction	  endonucleases	  HaeIII,	  RsaI	  
and	  TaqI	  (Invitrogen)	  by	  incubation	  for	  1	  h	  at	  37°C	  (or	  65°C	  for	  TaqI).	  Each	  digestion	  reaction	  mixture	  
(total	   volume	   10	  µL)	   contained	   1	  µL	   of	   enzyme,	   1	  µL	   of	   reaction	   buffer	   (Invitrogen)	   and	  
approximately	   500	  ng	   of	   DNA.	   Digested	   DNA	   fragments	   were	   then	   size	   fractionated	   by	  
electrophoresis	  on	  2.5%	  agarose	  gels	  at	  0.1	  V	  for	  approximately	  60	  min.	  The	  bands	  on	  the	  gels	  were	  
visualized	  using	  SyBrSafeTM	  (MOBITEC,	  Germany)	  fluorescent	  dye.	  Samples	  were	  categorized	  by	  RFLP	  
pattern.	   The	   PCR	   fragment	   from	   the	   16S	   rRNA	   genes	   of	   samples	   from	   each	   RFLP	   category	   were	  
sequenced	  and	  identified	  as	  described	  below.	  	  
Sequencing	  
The	  inserts	  of	  clones	  from	  each	  RFLP	  category	  were	  sequenced	  in	  both	  reverse	  (M13r)	  and	  forward	  
(M13f)	  directions	  on	  a	  3130XL	  Capillary	  Genetic	  Analyser	  (Applied	  Biosystems	  Ltd.).	  The	  forward	  and	  
reverse	   sequences	   were	   aligned	   and	   corrected	   with	   ChromasPro	   software	   (Technelysium	   Pty	   Ltd,	  
Brisbane,	  Australia).	  The	  consensus	  sequences	  were	  compared	  with	  the	  nucleotide	  collection	  (nr/nt)	  
of	   the	   National	   Center	   for	   Biotechnology	   Information	   (www.ncbi.nlm.nih.gov/BLAST/)	   using	   the	  
megablast	  algorithm	  to	  confirm	  the	  likely	  identity	  of	  bacteria	  based	  on	  gene	  sequence	  fragments.	  	  
2.2.10 Phylogenetic	  tree	  	  
The	   16S	   rRNA	   gene	   sequences	   of	   the	   -­‐0.36	  V	   and	   -­‐0.25	  V	   biofilms	   selected	   with	   method	  2	   were	  
amplified	   using	   BIOTAQ™	   PCR	   kit	   (Bioline)	   in	   a	   final	   volume	   of	   25	  µL	   with	   the	   universal	   bacterial	  
primers	  PB36	  (5’-­‐AGR	  GTT	  TGA	  TCM	  TGGCTC	  AG-­‐3’)	  and	  PB38	  (5’-­‐GKT	  ACC	  TTG	  TTA	  CGA	  CTT-­‐3’)	  (Lear	  
et	  al.	  2009)	  and	  the	  following	  PCR	  conditions:	  (i)	  94°C	  for	  3	  min;	  (ii)	  35	  cycles	  of	  94°C	  for	  30	  s,	  50°C	  for	  
30	  s,	  72°C	   for	  45	  s,	  and	  then	   (iii)	  72°C	   for	  10	  min.	  The	  PCR	   fragments	  were	  then	  purified	  and	  clone	  
using	   TA	   Cloning®	   Kit	   (Invitrogen,	   USA)	   as	   explain	   in	   section	   2.2.9.	   After	   sequencing,	   the	   plasmid	  
sequences	  were	  removed	  at	  each	  extremity.	  The	  16S	  rRNA	  gene	  fragments	  were	  used	  as	  input	  query	  
sequences	  in	  blastn	  similarity	  search	  using	  the	  National	  Center	  for	  Biotechnology	  Information	  (NCBI)	  
BLAST.	  The	  sequences	  most	  similar	  to	  Geobacter	  psychrophilus	  (at	  least	  95%	  similarity)	  were	  aligned	  
with	   MUSCLE	   algorithm	   using	   the	   default	   parameters	   for	   multiple	   alignments	   of	   Geneious	   7.2.1	  
software.	  The	  length	  of	  the	  16S	  RNA	  fragments	  varied	  between	  859	  and	  868	  bp.	  A	  phylogenetic	  tree	  
of	  the	  16S	  rRNA	  gene	  sequences	  from	  the	  different	  strains	  of	  Geobacter	  psychrophilus	  selected	  with	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clones	   of	   16S	   rRNA	   gene	   sequences	   from	   each	   biofilm	   treatment	   (i.e.	   -­‐0.36	   V	   and	   -­‐0.25	   V)	   were	  
analysed	  by	  RFLP.	  Nineteen	  out	  of	  the	  30	  clones	  had	  identical	  RFLP	  profiles	  (73%	  of	  clones	  from	  the	  -­‐
0.36	  V	  biofilm	  and	  53%	  from	  the	  -­‐0.25	  V	  biofilm).	  Five	  out	  of	  the	  19	  clones	  with	  identical	  RFLP	  profiles	  
were	  sequenced	  including	  clones	  from	  both	  biofilms.	  All	  were	  identical	  and	  were	  a	  best	  match	  (96%	  
identical,	   E-­‐score	   =	   0.0)	   to	   Geobacter	   psychrophilus	   [Genbank	   accession	   No.:	   NR_043075.1].	  
However,	   the	   identification	   of	   the	   same	   dominant	   16S	   rRNA	   gene	   sequence	   from	   both	   biofilms	  
appeared	   to	   contradict	   the	  ARISA	   results,	  which	   clearly	   identified	   two	  different	  dominant	  peaks	   in	  
the	  different	  biofilms.	  
In	  order	  to	  understand	  this	  apparent	  contradiction,	  the	  dominant	  ITS	  sequences	  (679	  bp	  from	  the	  -­‐
0.36	  V	  biofilm	  and	  619	  bp	  from	  the	  -­‐0.25	  V	  biofilm)	  were	  cloned	  and	  sequenced.	  The	  sequences	  were	  
similar	  but	  not	   identical,	  with	  89%	  identical	  bases	  by	  ClustalW	  alignment.	  The	   -­‐0.25	  V	   ITS	  sequence	  
was	  a	  best	  match	  to	  a	  Genbank	  sequence	  from	  Geobacter	  lovleyi	   (CP001089.1,	  78%	  identity),	  while	  
the	   -­‐0.36	  V	   ITS	  sequence	  was	  a	  best	  match	   to	  a	  Genbank	  sequence	   from	  Geobacter	  sulfurreducens	  
(AE017180.2,	   95%	   identity).	   The	   dominant	   species	   in	   the	   biofilm	   grown	   at	   -­‐0.42	  V	   had	   the	   same	  
679	  bp-­‐length	  ITS	  sequence	  as	  the	  -­‐0.36	  V	  biofilm	  (99%	  similarity)	  and	  was	  also	  similar	  to	  Geobacter	  
sulfurreducens	  (AE017180.2)	  at	  95%.	  
Analysing	  the	  ITS	  data	  using	  Bray	  Curtis	  similarity	  matrix	  confirmed	  that	  the	  two	  different	  electrode	  
potentials	   selected	   two	   distinct	   biofilm	   communities,	   with	   66%	   similarity	   between	   both	   -­‐0.25	  V	  
biofilms	  and	  71%	  similarity	  between	  both	   -­‐0.36	  V	  biofilms	  against	  only	  14%	  similarity	  between	   the	  
two	  types	  of	  biofilms.	  This	  distinction	  is	  largely	  due	  to	  the	  selection	  of	  the	  two	  different	  taxa,	  closely	  
related	   to	  Geobacter	   psychrophilus.	  When	   the	   two	   dominant	  Geobacter	   strains	   are	   removed	   from	  
the	  analysis,	   there	   is	  only	  a	  21.5%	  similarity	  between	  the	  two	   -­‐0.25	  V	  biofilms	  and	  48.5%	  similarity	  
between	  the	  two	  -­‐0.36	  V	  biofilms.	  
If	  there	  really	  are	  different	  strains	  of	  Geobacter	  sp.	  being	  selected	  by	  the	  different	  anode	  potentials	  
then	   it	  would	   be	   expected	   that	   16S	   rRNA	   sequences	   from	  biofilms	   selected	   at	   different	   potentials	  
would	  match	  different	  GenBank	  16S	  rRNA	  sequences	  from	  different	  Geobacter	  strains	  and	  that	  this	  
result	   would	   be	   consistent	   for	   independent	   biofilms	   selected	   at	   the	   same	   potential.	   I	   performed	  
multiple	  alignments	  of	  16S	  rRNA	  gene	  sequences,	  most	  similar	  to	  Geobacter	  psychrophilus,	  from	  the	  
four	   independent	  ARB	   communities,	   selected	  at	  either	   -­‐0.25	  V	  or	   -­‐0.36	  V	   vs	  Ag/AgCl	   (-­‐0.16	  V	  and	   -­‐
0.05	  V	   vs	   SHE,	   respectively)	   (Figure	  2.7).	   As	   seen	   on	   the	   phylogenetic	   tree,	   the	   16S	  rRNA	   gene	  
sequences	   from	   the	   biofilms	   selected	   at	   the	   same	   potential	   are	   grouped	   together	   and	   match	  
different	  sequences	  from	  the	  NCBI	  database	  as	  expected,	  except	  for	  one	  sequence	  (-­‐0.25	  V	  (14)).	  This	  
result	  provides	  further	  evidence	  that	  community	  composition	  varies	  below	  species	  level	  among	  MFCs	  
fixed	  at	  different	  anode	  potential,	  including	  among	  the	  members	  of	  the	  Geobacter	  sp.	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approximately	  30	  times	  higher	  than	  the	  MFC	  biofilms	  selected	  using	  the	  method	  1,	  probably	  due	  to	  
the	  dominance	  of	  Geobacter	  sp.	  	  
The	   turnover	   voltammetric	   curves	  of	   -­‐0.25	  V	   and	   -­‐0.36	  V	  biofilms	  had	  a	   sigmoidal	   shape	   typical	   of	  
acetate	  oxidation	  by	  the	  biofilm	  with	  an	  onset	  potential	  of	  approximately	  -­‐0.5	  V	  (Figure	  2.8b-­‐d).	  The	  
medium	  alone	  had	  considerably	  reduced	  voltammetric	  responses,	  showing	  that	  it	  did	  not	  interfere	  in	  
the	   voltammograms	   of	   the	   biofilms.	   The	   voltammogram	   of	   -­‐0.36	  V	   biofilm	   possessed	   one	   single	  
inflexion	   point,	   this	   can	   be	   seen	   as	   one	   single	   maximum	   in	   the	   first	   derivative,	   (Figure	  2.8c)	   at	   a	  
potential	  of	  -­‐0.43	  V.	  It	  is	  similar	  to	  the	  voltammetric	  response	  of	  Geobacter	  sulfurreducens	  biofilms	  in	  
acetate	  substrate	  saturation	  as	  previously	  described	  (Fricke	  et	  al.	  2008).	  That	   is	  consistent	  with	  the	  
sequencing	   results	   indicating	   that	   the	   biofilms	   are	   highly	   dominated	   by	   Geobacter	   sp.	   The	  
voltammogram	  of	   the	   -­‐0.25	  V	  biofilm	  was	  more	  complex	  with	   two	   inflexion	  points	   revealed	  by	   the	  
two	  maximums	  in	  the	  first	  derivative	  (Figure	  2.8d-­‐e).	  The	  first	  one,	  at	  -­‐0.43	  V,	  is	  the	  same	  as	  in	  the	  -­‐
0.36	  V	  biofilm	  and	   the	   second	  one	   is	   closer	   to	   -­‐0.25	  V,	   the	   initial	   selecting	  anode	  potential	   for	   this	  
biofilm.	  
During	  the	  selection	  phase,	  the	  anode	  potentials	  were	  initially	  at	  either	  -­‐0.36	  V	  or	  -­‐0.25	  V	  and	  were	  
adjusted	  incrementally	  to	  -­‐0.5	  V	  for	  both	  MFCs,	  to	  keep	  the	  current	  output	  below	  1	  mA	  (to	  meet	  the	  
potentiostat	   requirements).	   Despite	   the	   low	   anode	   potentials	   (-­‐0.5	  V	   vs	   Ag/AgCl),	   the	   biofilms	   still	  
produced	  high	  currents,	  with	  a	  maximum	  of	  0.8	  mA.	  The	  cyclic	  voltammograms	  (Figure	  2.8)	  indicate	  
that	  -­‐0.5	  V	  was	  on	  the	  very	  edge	  of	  the	  electron	  transfer	  range	  of	  the	  Geobacter	  cytochromes	  as	  this	  
was	  approximately	  the	  onset	  potential.	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2.4 Discussion	  
Method	  1,	  though	  similar	  to	  the	  selection	  method	  used	  by	  Torres	  et	  al.	   (2009),	  did	  not	  select	   for	  a	  
homogeneous	  Geobacter-­‐dominated	  anode	  biofilm	  as	  expected.	  Geobacter	  species	  were	  present	   in	  
all	   the	  biofilms	  as	  part	  of	   the	   sub-­‐dominant	  population,	  but	   they	  did	  not	  dominate	   the	  biofilms.	   It	  
might	  be	  that	  some	  growth	  condition	  necessary	  for	  Geobacter,	  other	  than	  the	  anode	  poise,	  was	  not	  
met.	   It	   has	   been	   reported	   that	   Geobacter	   needs	   bicarbonate	   to	   grow	   (Jung	   and	   Regan	   2011);	  
bicarbonate	  was	  not	  added	  to	  the	  medium	  and	  it	   is	  possible	  that	  bubbling	  the	  anode	  compartment	  
with	  nitrogen	  stripped	  any	  bicarbonate	  produced	  by	  other	  bacteria	  out	  of	  the	  system.	  Also,	  the	  ionic	  
strength	  of	  the	  medium	  was	  quite	  high	  (0.2	  M).	  It	  has	  been	  reported	  that	  Geobacter	  sp.	  can	  grow	  at	  a	  
salt	  concentration	  equivalent	  to	  half	  strength	  sea	  water	  (~0.35	  M),	  but	  0.2	  M	  phosphate	  buffer	  could	  
decrease	  the	  electroactivity	  of	  pure	  cultures	  (Call	  and	  Logan	  2011).	  Moreover,	  the	  nitrogen	  gas	  used	  
to	   continuously	   sparge	   the	   anode	   chamber	   may	   have	   contained	   a	   tiny	   amount	   of	   oxygen	   as	   the	  
manufacturer	   (BOC,	   NZ)	   certified	   it	   for	   oxygen	   concentration	   lower	   than	   <10	  ppm.	   The	   constant	  
introduction	   of	   oxygen	   in	   the	   anolyte	   even	   at	   a	   very	   low	   concentration	  might	   have	   impaired	   the	  
growth	  of	  Geobacter	  sp.	  
This	   experiment	   was	   repeated	   several	   times,	   making	   small	   changes	   to	   the	   method	  1	   including	  
decreasing	   the	   incubation	   temperature	   from	  31	   to	  18°C,	   changing	   the	   inoculum	  source	   (soil	   rather	  
than	  soil	  and	  wastewater),	  decreasing	   the	  salt	   concentration	   in	   the	  medium	  (from	  0.2	  M	  to	  0.1	  M)	  
and	   ceasing	   to	   sparge	   the	   anode	   chamber	   with	   nitrogen	   to	   limit	   the	   risk	   of	   introducing	   oxygen,	  
restrict	   disturbance	   and	   keep	   the	  nitrogen/carbon	   ratio	   balanced	   to	  maximize	   anode	  performance	  
(Saito	  et	  al.	  2011).	  These	  changes	  did	  not	  result	  in	  the	  selection	  of	  a	  Geobacter-­‐dominated	  biofilm.	  In	  
method	  2,	  major	  changes	  were	  made	  to	  several	  parameters:	  increasing	  the	  volume	  of	  the	  inoculum	  
allowing	  mud	   to	   settle	  down	   to	   the	  bottom	  of	   the	   system	  and	  changing	   from	  continuous	  mode	   to	  
batch	   mode.	   It	   has	   been	   previously	   observed	   that	   the	   efficiency	   of	   a	   continuously-­‐fed	   MFC	   was	  
higher	  at	  a	  long	  hydraulic	  retention	  time	  (>	  24	  h)	  (Escapa	  et	  al.	  2012).	  The	  idea	  of	  having	  mud	  down	  
the	  bottom	  of	  the	  system	  is	  that	  it	  may	  provide	  some	  trace	  elements	  necessary	  to	  Geobacter	  growth	  
and	  the	  bacteria	  present	  in	  the	  mud	  may	  help	  to	  keep	  the	  anolyte	  anaerobic	  by	  using	  up	  any	  oxygen	  
entering	   the	   system.	   However,	   the	   key	   factors	   for	  Geobacter	   growth	   are	   diverse,	   and	   the	   specific	  
effects	  of	  the	  individual	  parameters	  changed	  were	  not	  examined	  in	  this	  study.	  Those	  different	  factors	  
should	  be	  tested	  independently	  to	  determine	  which	  are	  most	  decisive.	  	  
Using	  Method	  2,	  Geobacter-­‐dominated	   biofilms	   started	   growing	   on	   electrodes	   held	   at	   -­‐0.25	  V	   or	   -­‐
0.36	  V,	  with	  a	  shorter	  start-­‐up	  time	  observed	  for	  the	  -­‐0.25	  V	  biofilms.	  This	  is	  consistent	  with	  previous	  
studies	  where	  electrodes	  poised	  at	  higher	  potentials	  were	  observed	  to	  have	  faster	  start-­‐up	  (Wang	  et	  
al.	  2009,	  Wei	  et	  al.	  2010),	  but	  is	  different	  from	  the	  results	  obtained	  by	  Torres	  et	  al	  (2009).	  Torres	  et	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al.	  (2009)	  found	  that	  the	  anodes	  poised	  at	  -­‐0.15	  V	  and	  -­‐0.09	  V	  (vs	  SHE)	  developed	  current	  densities	  
more	  quickly	   than	  anodes	  poised	  at	  higher	  potentials	   (+0.37	  V	  vs	  SHE).	  Aelterman	  et	  al.	   (2008)	  did	  
not	  detect	  any	  difference	   in	   the	  start-­‐up	  time	  of	  anodes	  poised	  at	  0,	   -­‐0.20,	   -­‐0.40	  V	  vs	  Ag/AgCl,	  but	  
this	  may	  be	   a	   consequence	  of	   all	   reactors	   having	   the	  poised	   anode	  potential	   set	   at	   -­‐0.20	  V	  during	  
14	  h	   at	   the	   beginning	   of	   the	   experiment.	   Indeed,	   14	  h	   could	   be	   long	   enough	   to	   start	   selecting	   for	  
bacteria.	   In	  this	  study,	  a	  microbially	  generated	  current	  was	  seen	  within	  the	  first	  20	  h.	  Other	  studies	  
have	  obtained	  faster	  acclimation	  of	  ARB	  in	  MFCs	  using	  a	  constant	  high	  potential	  (+0.20	  V	  vs	  Ag/AgCl),	  
resulting	  in	  a	  faster	  MFC	  start-­‐up	  (Wang	  et	  al.	  2009).	  	  
Besides	   having	   different	   start-­‐up	   times,	   the	   -­‐0.25	  V	   and	   -­‐0.36	  V	   biofilms	   also	   showed	   different	  
electrochemical	  properties	  with	  one	   inflexion	  point	  visible	  on	   the	   turnover	  voltammogram	  of	   the	   -­‐
0.36	  V	   biofilm	   against	   two	   inflexion	   points	   for	   the	   -­‐0.25	  V	   biofilm	   voltammogram.	   Both	  
voltammograms	   had	   an	   S-­‐shape	   typical	   of	   acetate	   oxidation	   by	   anode-­‐respiring	   bacteria,	   but	   the	  
voltammogram	  of	  the	  -­‐0.25	  V	  biofilm	  displayed	  other	  characteristics	  also.	  During	  the	  anodic	  sweep,	  
the	  shape	  of	  the	  -­‐0.25	  V	  biofilm	  voltammogram	  was	  sigmoidal	  from	  -­‐0.6	  V	  to	  -­‐0.4	  V,	  then	  the	  current	  
dropped	   from	  potentials	  of	   -­‐0.4	  V	   to	   -­‐0.25	  V	   (the	  biofilm	  accumulates	  electrons),	  before	   increasing	  
again	   due	   to	   a	   “discharge”	   of	   electrons	   at	   potentials	   above	   -­‐0.25	  V	   vs	   Ag/AgCl	   (Figure	  2.8d).	   This	  
pattern	  has	  already	  been	  observed	  by	  Marsili	  et	  al.	   (2010)	  with	  a	  pure	  culture	  of	  G.	  sulfurreducens	  
showing	   a	   discharge	   from	   the	   biofilm	   at	   potentials	   above	   -­‐0.1	   V	   vs	   SHE	   (i.e,	   -­‐0.3	  V	   vs	   Ag/AgCl).	  
However,	   sustained	   growth	  of	  G.	   sulfurreducens	   at	   lower	  potential	   (-­‐0.16	  V	   vs	   SHE,	   i.e.,	   -­‐0.36	  V	   vs	  
Ag/AgCl)	  did	  eliminate	  this	  pattern	  of	  discharge	  (Marsili	  et	  al.	  2010).	  The	  same	  observations	  can	  be	  
made	   in	   this	   case,	   where	   the	   pattern	   of	   discharge	   is	   very	   reduced	   on	   the	   -­‐0.36	  V	   biofilm	  
voltammogram.	   The	   -­‐0.25	  V	   biofilm	   possesses	   proteins	   that	   accumulate	   electrons	   at	   low	   potential	  
(i.e.,	   lower	   than	   -­‐0.25	  V	   vs	   Ag/AgCl)	  when	   the	   substrate	   oxidation	   rate	   is	   in	   excess	   relative	   to	   the	  
process	  responsible	  for	  carrying	  electrons	  through	  the	  biofilm	  to	  the	  electrode	  interface.	  Then,	  this	  
pool	   of	   higher	   potential	   proteins	   discharge	   their	   electrons	   at	   potential	   above	   -­‐0.25	  V	   vs	   Ag/AgCl,	  
resulting	  in	  a	  second	  increase	  of	  current.	  The	  biofilm	  selected	  at	  -­‐0.25	  V	  seems	  to	  produce	  two	  types	  
of	  redox	  proteins,	  one	  type	  is	  similar	  to	  the	  proteins	  present	  in	  -­‐0.36	  V	  biofilm	  responsible	  of	  the	  S-­‐
shape,	  and	  the	  other	   type	   is	  electrically	  active	  at	   the	  potential	  of	  selection	   (i.e.,	  close	  to	  -­‐0.25	  V	  vs	  
Ag/AgCl),	  efficiently	  transferring	  electrons	  at	  that	  potential	  or	  higher.	  These	  proteins	  are	  likely	  to	  be	  
c-­‐type	  cytochromes.	  
Esteve-­‐Nunez	  et	  al.	  (2008)	  proposed	  that	  the	  extracytoplasmic	  cytochromes	  of	  Geobacter	  species	  act	  
as	  capacitors,	  permitting	  temporary	  storage	  of	  electrons	  to	  assure	  continued	  electron	  transfer	  across	  
the	  inner-­‐membrane,	  and	  thus	  viability	  and	  motility,	  when	  natural	  electron	  acceptors,	  such	  as	  Fe(III)	  
oxides,	  are	  temporarily	  unavailable.	  Cytochrome-­‐based	  biofilms,	  such	  as	  Geobacter	  biofilms,	  showed	  
good	  charge/discharge	  reversibility	  and	  can	  function	  as	  supercapacitors	  (Malvankar	  et	  al.	  2012a).	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The	  voltammograms	  in	  Figure	  2.8	  suggest	  that	  the	  periplasmic	  and	  outer-­‐membrane	  cytochromes	  of	  
the	  Geobacter	   species	   dominating	   the	   -­‐0.25	  V	   and	   -­‐0.36	  V	   biofilms	   have	   different	   electrochemical	  
properties.	  
According	  to	  the	  16S	  rRNA	  genes	  sequence	  data	  and	  Genbank	  BLAST	  search,	  the	  -­‐0.25	  V	  and	  -­‐0.36	  V	  
biofilms	  are	  both	  dominated	  by	  a	  species	  similar	  at	  96%	  to	  Geobacter	  psychrophilus.	  However,	   the	  
ARISA	   profiles	   clearly	   showed	   two	   different	   dominant	   peaks	   in	   the	   different	   biofilms.	   It	   is	   strictly	  
possible	   that	   the	   ITS	   PCR	   and	   the	   16S	   PCR	   differentially	   amplified	   sequences	   from	   different	   taxa.	  
However,	  this	  is	  unlikely	  as	  analysis	  of	  both	  ITS	  and	  16S	  sequences	  indicated	  that	  each	  of	  the	  biofilms	  
were	  strongly	  dominated	  by	  one	  taxa,	  and	  the	  ARISA	  data	  demonstrated	  that	   these	  were	  different	  
taxa	   in	   the	   -­‐0.25	  V	   and	   the	   -­‐0.36	  V	   biofilms.	   The	   Genbank	   16S	   rRNA	   gene	   sequence	   data	   is	  
represented	  by	  a	  more	  comprehensive	  collection	  of	  data	  in	  the	  Genbank	  database	  than	  Genbank	  ITS	  
sequences,	  for	  which	  the	  relevant	  ITS	  sequence	  of	  Geobacter	  psychrophilus	  is	  not	  provided.	  The	  most	  
likely	   explanation	   of	   these	   results	   is	   that	   two	   different	   taxa,	   closely	   related	   to	   Geobacter	  
psychrophilus	   were	   selected	   and	   that	   one	   taxa	   dominated	   the	   -­‐0.25	  V	   biofilm	   and	   the	   other	  
dominated	  the	  -­‐0.36	  V	  biofilm.	  Given	  that	  at	  least	  some	  Geobacter	  species	  can	  adjust	  their	  electron	  
transfer	  components	  in	  order	  to	  match	  the	  electrode	  potential	  (Zhu	  et	  al.	  2012),	  it	  is	  surprising	  to	  see	  
that	   two	  closely	   related	  Geobacter	   strains	   can	  be	  differentially	   selected	  by	   two	  different	  electrode	  
potentials.	  These	  results	  were	  published	  in	  Bioresource	  Technology	  in	  2013	  (Commault	  et	  al.	  2013).	  
In	  2012,	  Zhu	  et	  al.	   (2012)	  noticed	  a	  difference	   in	   the	  voltammetric	   features	  of	  a	  pure	  culture	  of	  G.	  
sulfurreducens	   grown	   at	   different	   anode	   potentials	   (-­‐0.46	  V,	   -­‐0.30	  V,	   0	  V,	   0.30	  V	   and	   0.60	  V	   vs	  
Ag/AgCl)	   (Zhu	  et	  al.	  2012).	  They	  concluded	   that	  altering	  anode	  potentials	   could	  affect	   the	  electron	  
transfer	  components	  of	  G.	  Sulfurreducens,	   i.e.	  physiological	  adjustment.	  The	  results	  presented	  here	  
suggest,	   in	   contrast,	   that	   despite	   the	   possibility	   of	   physiological	   adjustment	   to	   anode	   potential,	  
altering	   the	   anode	  potential	   selects	   different	  Geobacter	   strains	   and	   even	   closely	   related	   strains	   of	  
Geobacter	  can	  have	  significantly	  different	  electron	  transfer	  capabilities.	  
In	  a	  recent	  paper,	  Zhu	  et	  al.	  (2014)	  claim	  that	  set	  anode	  potential	  does	  not	  affect	  the	  composition	  of	  
ARB	   communities	   selected	   in	   single-­‐chambered	   MFCs.	   For	   anode	   potentials	   of	   -­‐0.25	  V,	   -­‐0.09	  V,	  
0.21	  V,	  0.51	  V	  or	  0.81	  V	  vs	  a	  standard	  hydrogen	  electrode	  (SHE),	  Zhu	  et	  al.	  (2014)	  found	  that	  the	  ARB	  
community	  was	  dominated	  at	  a	  genus	  level	  by	  Geobacter	  species.	  This	  is	  of	  relevance	  since	  electrical	  
current	   production	   in	  MFC	   is	   generally	   associated	   with	   communities	   dominated	   by	  Geobacter	   sp.	  
(Commault	   et	   al.	   2013,	   Torres	   et	   al.	   2009).	   In	   their	   study,	   each	  Geobacter-­‐dominated	   community	  
selected	  at	  different	   set	  potential,	   nevertheless	  exhibited	  disparities	   in	  maximum	  current,	  biomass	  
and	   exocellular	   electron	   transfer	   components	   (EETCs),	   as	   shown	   by	   nonturnover	   cyclic	  
voltammograms.	   Zhu	   et	   al.	   (2014)	   use	   this	   finding	   to	   support	   their	   hypothesis	   of	   a	   physiological	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adaptation	  of	  the	  dominant	  Geobacter	  species	  to	  anode	  potential.	  However,	  they	  did	  not	  discuss	  the	  
possibility	   of	   selection	   below	   the	   genus	   level	   and	   present	   no	   evidence	   that	   could	   discriminate	  
between	   strain	   selection	  and	  physiological	   adaptation	  of	   the	   resident	   taxa.	   They	   cited	   the	  work	  of	  
Torres	   et	   al.	   (2009)	   who	   did	   find	   that	   anode	   potential	   influenced	   the	   composition	   of	   the	   anode	  
respiring	   communities.	   Zhu	   et	   al.	   (2014)	   explain	   the	   different	   results	   by	   suggesting	   a	   possible	  
“crosstalk”	   between	   Torres’	   electrodes	   that	   were	   incubated	   in	   the	   same	   reactor	   chamber.	  
Unfortunately,	  Zhu	  et	  al.	  (2014)	  overlook	  my	  2013	  publication	  in	  which	  I	  used	  a	  similar	  experimental	  
set	  up	  to	  them	  and	  reported	  that	  anode	  potential	  does	  affect	  community	  composition	  at	  the	  strain	  
level	   (Commault	  et	  al.	  2013).	   Indeed,	  my	  study	  suggests	  genetic	  selection	  rather	  than	  physiological	  
adaptation	  to	  anode	  potential.	  	  
Following	   the	   publication	   of	   Zhu	   et	   al.	   (2014),	   I	   further	   examined	   the	   data	   from	  my	   2013	   paper,	  
which	  records	  Geobacter	  psychrophilus	  16S	  rRNA	  gene	  sequences	  from	  -­‐0.25	  V	  and	  -­‐0.36	  V	  biofilms	  (-­‐
0.16	  V	  and	  -­‐0.05	  V	  vs	  SHE,	  respectively).	  Multiple	  alignments	  of	  these	  sequences	  led	  to	  the	  creation	  
of	  a	  phylogenetic	  tree	  demonstrating	  that	  biofilms	  selected	  at	  different	  potentials	  were	  dominated	  
by	   different	   strains	   of	  Geobacter	   psychrophilus	   (Figure	  2.7).	   This	   strongly	   suggests	   that	   community	  
composition	  varies	  below	  species	  level	  in	  MFCs	  fixed	  at	  different	  anode	  potential.	  An	  anomaly	  on	  the	  
phylogenetic	   tree	   is	   that	   one	   sequence	   of	   the	   -­‐0.25	  V	   biofilms	   (-­‐0.25	  V	   (b14))	   produced	   the	   best	  
alignment	  with	  the	  sequence	  C	  [FR667837.1]	  of	  the	  NCBI	  database.	  Sequence	  C	  is	  also	  the	  best	  BLAST	  
match	  to	  three	  sequences	  of	  the	  -­‐0.36	  V	  biofilms	  (-­‐0.36V(d22),	  (d19),	  (d42)),	  but	  the	  four	  sequences	  
are	  not	  closely	  related	  on	  the	  phylogenetic	  tree.	  Looking	  at	  their	  common	  nodes,	  they	  are	  similare	  at	  
99.1%.	  All	  the	  sequences	  in	  the	  tree	  are	  similar	  at	  98.5%,	  and	  differ	  only	  by	  up	  to	  several	  base	  pairs.	  
These	  subtle	  differences	  may	  be	  detected	  differently	  by	  the	  MUSCLE	  and	  BLAST	  alogorithms	  used	  to	  
calculate	   the	   similarities	   within	   sequences	   for	   the	   phylogenetic	   tree	   and	   for	   the	   alignments	   with	  
sequences	  from	  the	  NCBI	  database,	  respectively.	  	  
In	  reply	  to	  Zhu	  et	  al.	  (2014),	  I	  do	  not	  think	  that	  there	  is	  yet	  definite	  proof	  that	  “Microbial	  community	  
composition	  is	  unaffected	  by	  anode	  potential”.	  A	  comparison	  between	  my	  data	  and	  that	  of	  Zhu	  et	  al.	  
(2014)	  analysed	  and	  presented	  in	  a	  similar	  manner,	  could	  shed	  much	  needed	  light	  on	  whether	  or	  not	  
adaptation	  to	  anode	  potential	  is	  due	  to	  a	  physiological	  response,	  strain-­‐level	  population	  selection,	  or	  
a	  more	  complex	  combination	  of	  interacting	  factors1.	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1	  A	  correspondence	  written	  in	  response	  to	  the	  paper	  of	  Zhu	  et	  al.	  published	  in	  Environmental	  Science	  
&	  Technology	  on	  January	  2014	  is	  under	  review	  for	  publication	  in	  the	  same	  journal.	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2.5 Conclusion	  
Biofilms	  selected	  on	  the	  anodes	  initially	  poised	  at	  -­‐0.25	  V	  had	  a	  faster	  start	  up	  time	  than	  biofilms	  on	  
the	  anodes	  initially	  poised	  at	  -­‐0.36	  V.	  Geobacter-­‐dominated	  biofilms	  were	  selected	  on	  all	  the	  poised	  
anodes	  in	  method	  2	  and	  the	  dominating	  bacteria	  were	  closely	  related	  to	  Geobacter	  psychrophilus.	  ITS	  
sequencing,	  ARISA	  and	  multiple	  alignments	   revealed	   that	  different	   strains	  of	  Geobacter	  dominated	  
on	  electrodes	  poised	  at	  different	  potentials	  and	  this	  was	  likely	  due	  to	  selection	  of	  strains	  with	  genetic	  
differences	   electron	   transfer	   properties.	   This	   study	   showed	  evidence	   that	   the	   anode	  potential	   can	  
alter	   the	   composition	   and	   performance	   of	   a	   Geobacter-­‐dominated	   biofilm.	   These	   findings	   are	  
important	   for	   the	   development	   of	   efficient	   methods	   for	   the	   selection	   of	   high	   current-­‐producing	  
anodic	  biofilms	  from	  mixed	  inoculum	  communities.	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Chapter	  3	  
Influence	  of	  inoculum	  and	  electrode	  surface	  
properties	  on	  the	  selection	  of	  Geobacter-­‐
dominated	  biofilms	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3.1 Introduction	  
In	  addition	  to	  electrode	  potential,	  other	   factors	  such	  as	  the	   inoculum	  source	  and	  electrode	  surface	  
properties	   are	   likely	   to	   influence	   the	   selection	   of	   anode-­‐respiring	   biofilms.	   This	   chapter	   aims	   to	  
determine	   if	   these	   two	   independent	   factors,	   inoculum	   and	   electrode	   surface,	   could	   alter	   the	  
composition	  and	  electrochemical	  properties	  of	  Geobacter-­‐dominated	  biofilms	   selected	   in	  microbial	  
fuel	  cell	   (MFC).	  This	  question	   is	  of	   importance	  for	  the	  discovery	  of	  new	  anode-­‐respiring	  bacteria	  or	  
new	   metabolic	   pathways	   for	   higher	   current	   production	   in	   MFC.	   The	   two	   factors	   were	   tested	  
independently	  starting	  with	  three	  different	  microbial	  inoculum	  sources.	  
By	  testing	  different	  inocula,	  I	  am	  hoping	  to	  find	  out	  if	  inoculum	  source	  influences	  the	  composition	  of	  
an	   anodic	   biofilm	   or	   if	   the	   composition	   is	   primarily	   dependent	   on	   the	   conditions	   of	   selection.	  My	  
previous	  work,	   detailed	   in	   Chapter	  2,	   shows	   that	   enriching	   exoelectrogenic	   bacteria	   from	  a	  water-­‐
saturated	   soil	   at	   low	   anode	   potentials	   (−0.25	  V	   or	   -­‐0.36	  V	   vs	   Ag/AgCl)	   resulted	   in	   bioﬁlms	   highly	  
enriched	   for	  Geobacter	  psychrophilus	   (Commault	   et	   al.	   2013).	   In	   the	   environment,	   exoelectrogens	  
are	  present	  in	  anaerobic	  sediments	  and	  soils	  where	  they	  have	  access	  to	  reduced	  compounds	  for	  use	  
as	   electron	   donors	   and	   insoluble	   electron	   acceptors	   including	   manganese	   and	   iron	   (Lovley	   1993,	  
Weber	  et	  al.	  2006).	  Many	  locations	  should	  easily	  ﬁt	  these	  requirements	  while	  providing	  variations	  in	  
other	  environmental	   parameters	   to	  which	  organisms	  will	   have	  adapted	   themselves.	  Previous	  work	  
have	   conﬁrmed	   the	   presence	   of	   exoelectrogenic	   bacteria	   in	   a	   number	   of	   environments	   including	  
freshwater	   sediments	   (Chae	  et	   al.	   2009,	  Holmes	  et	   al.	   2004),	  marine	   sediments	   (Bond	  et	   al.	   2002,	  
Tender	   et	   al.	   2002),	   salt	   marshes	   (Holmes	   et	   al.	   2004),	   anaerobic	   sludge	   from	   potato	   processing	  
(Rabaey	   et	   al.	   2004),	   wastewater	   treatment	   plants	   (Kan	   et	   al.	   2011,	   Lefebvre	   et	   al.	   2010),	   and	  
recently	   in	  mangrove	  swamp	  sediments	   (Salvin	  et	  al.	  2012).	  Following	   the	  Baas-­‐Becking	  hypothesis	  
(1934)	   that	   "Everything	   is	   everywhere,	   but	   the	   environment	   selects",	   I	   should	   expect	   to	   select	   for	  
Geobacter-­‐dominated	   biofilms	   whatever	   the	   inoculum	   used.	   Yates	   et	   al.	   (2012)	   showed	   that	   the	  
predominance	  of	  Geobacter	  sp.	  in	  acetate-­‐fed	  MFCs	  was	  independent	  of	  the	  inoculum	  source,	  after	  
testing	   three	   inocula	   (two	  wastewaters	   from	   different	   locations	   and	   an	   anaerobic	   bog	   sediment).	  
However,	  other	  researchers	   found	  that	  the	   inoculum	  makes	  a	  difference	   in	  the	  selection	  of	  anode-­‐
respiring	   biofilm	   in	   MFCs	   (Miceli	   et	   al.	   2012).	   Miceli	   et	   al.	   (2012)	   tested	   thirteen	   samples	   from	  
locations	  around	  the	  world	  and	  placed	  them	  in	  MFCs	  with	  electrodes	  poised	  at	  −0.30	  V	  vs	  Ag/AgCl	  in	  
acetate	  medium.	  Only	  7	  out	  of	  13	  samples	  produced	  sufficient	  current	  (>1.59	  A/m2)	  after	  21	  days	  of	  
selection.	  They	  found	  that	  bacteria	  related	  to	  the	  genus	  Geobacter	  dominated	  only	  two	  of	  the	  seven	  
biofilm	   communities	   producing	   a	   high	   current;	   the	   other	   biofilm	   communities	   contained	   different	  
known	   and/or	   novel	   exoelectrogenic	   bacteria	   (Miceli	   et	   al.	   2012).	   Few	   studies	   have	   looked	   at	   the	  
effect	   of	   inoculum	   source	  on	   the	   composition	  of	   exoelectrogenic	   biofilms	   selected	   in	  MFC	  with	  or	  
without	   fixed	   anode	   potentials.	   The	   inocula	   tested	   always	   come	   from	   similar	   environments	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(anaerobic	  freshwater/saline	  sediments,	  anaerobic	  soil	  and	  wastewater)	   likely	  to	  contain	  Geobacter	  
sp.	  In	  this	  study,	  a	  dry	  aerobic	  soil	  collected	  on	  the	  top	  of	  a	  hill	  and	  thought	  to	  be	  unlikely	  to	  contain	  
Geobacter	   sp.	  was	   tested	  and	  compared	   to	  a	   saline	  estuary	  mud	  and	  a	   freshwater	   sediment.	  Each	  
inoculum	  was	  placed	   in	  an	  MFC	  with	  the	  anode	  held	  at	  −0.36	  V	  vs	  Ag/AgCl	  as	  an	  electron	  acceptor	  
and	  provided	  acetate	  as	  an	  electron	  donor.	  The	  selected	  anodic	  biofilms	  were	  compared	  for	  current	  
production,	  biofilm/electrode	  interaction,	  and	  microbial	  community.	  
The	   impact	   of	   the	   electrode	   surface	   properties	   on	   the	   selection	   of	   electro-­‐active	   biofilms	   in	  MFCs	  
was	  also	  investigated.	  The	  anode	  surface	  chemical	  and	  physical	  properties	  affect	  bacterial	  adhesion	  
and	   electron	   transfer	   process	   between	   bacteria	   and	   electrodes	   (Guo	   et	   al.	   2013).	  Modification	   of	  
electrode	  surfaces	  aiming	  to	  improve	  the	  efficiency	  of	  MFCs	  has	  emerged	  as	  a	  new	  field	  of	  research	  
for	  the	  past	  few	  years	  (Kumar	  et	  al.	  2013,	  Wei	  et	  al.	  2011).	  Although	  some	  studies	  have	  proven	  that	  
certain	  anode	  modifications	  lead	  to	  more	  efficient	  MFCs	  (Lapinsonniere	  et	  al.	  2013,	  Picot	  et	  al.	  2011),	  
the	   influence	   of	   various	   surface	  modifications	   for	   biofilm	   growth	   and	  maintenance	   is	   not	   entirely	  
understood.	   In	   this	   study,	   the	   effect	   of	   four	   different	   chemical	   groups:	   boronic	   acids	   (-­‐B(OH)2);	  
sulfanilamides	  (-­‐SO2NH2);	  carboxylate	  (-­‐COOH);	  and	  polyethyleneimine	  (PEI)	  were	  tested	  on	  electro-­‐
active	   biofilms	   selected	   in	   MFCs	   using	   the	   same	   inoculum	   and	   same	   anode	   potential	   (-­‐0.36	  V	   vs	  
Ag/AgCl)	  as	  used	  for	  the	  selection	  of	  Geobacter-­‐dominated	  biofilms	  in	  Chapter	  2.	  	  
The	  sulfanilamides	  (containing	  the	  sulfonamide	  functional	  group,	  -­‐SO2NH2)	  are	  characterized	  by	  their	  
lipophilicity	   and	   their	   amine	   groups	   partly	   protonated	   at	   pH	  7.	   Positively	   charged	   surfaces	   favour	  
bacteria	  attachment	  by	  electrostatic	  interactions	  with	  the	  negatively	  charged	  lipopolysaccharides	  of	  
their	  outer-­‐membrane	  (Gottenbos	  et	  al.	  2001).	  The	  carboxylates	  (-­‐COOH)	  are	  negatively	  charged	  at	  
pH	  7	   (pKa(COOH/COO-­‐)~4),	   which	   could	   potentially	   repulse	   Gram-­‐negative	   electro-­‐active	   bacteria,	  
such	  as	  Geobacter	  sp.	  The	  polyethyleneimine	  (PEI,	  -­‐CONH[CH2CH2NH]n)	  are	  long	  chain	  polymers	  with	  
a	   high	   carbon-­‐to-­‐nitrogen	   (C:N)	   ratio,	   which	   increases	   the	   hydrophobic	   permeation	   of	   the	   outer-­‐
membrane	  of	  Gram-­‐negative	  bacterial	  (Helander	  et	  al.	  1997).	  Helander	  et	  al.	  (1997)	  showed	  that	  the	  
effect	   of	   PEI	   was	   comparable	   to	   that	   brought	   about	   by	   the	   well-­‐known	   permeabilizer	  
ethylenediaminetetraacetic	   acid	   (EDTA)	  when	   tested	   on	   Escherichia	   coli,	  Pseudomonas	   aeruginosa	  
and	  Salmonella	  typhimurium.	  When	  grafted	  on	  an	  electrode,	  PEI	  may	  increase	  the	  cell	  adherence	  by	  
anchoring	   in	   the	   outer-­‐membrane	  without	   completely	   penetrating	   the	   cell,	   as	   if	   the	   bacteria	   was	  
“put	  on	  a	  spit”.	  An	  increase	  of	  C:N	  ratio	  at	  the	  electrode	  surface	  may	  also	  generate	  positively	  charged	  
surfaces	  or	   increase	   the	  hydrophilicity	  of	   the	  electrode	  surface	   (Saito	  et	  al.	  2011).	   It	   is	   known	   that	  
biofilm	  growth	  and	  conductivity	   is	  enhanced	  by	  hydrophilic	  surfaces	   (Guo	  et	  al.	  2013).	  The	  boronic	  
acids	   (-­‐B(OH)2)	   are	   suspected	   to	   form	   covalent	   bonds	   with	   the	   lipopolysaccharides	   of	   the	   outer-­‐
membrane	   of	   Gram-­‐negative	   bacteria,	   such	   as	  Geobacter	   sp.	   (Lapinsonnière	   2013).	   Lapinsonnière	  
(2013)	   showed	   that	   covalent	   grafting	   of	   phenylboronic	   acids	   on	   the	   electrode	   surface	   improves	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modified	   with	   the	   4-­‐aminophenylboronic	   acid	   pinacol	   ester	   was	   placed	   overnight	   in	   10	  mL	   of	   a	  
solution	  containing	  2	  ml	  of	  tetrahydrofuran	  (THF)	  and	  500	  mM	  of	  sodium	  periodate	  (NaIO4).	  
As	  the	  corresponding	  aryl	  amine	  of	  polyethyleneimine	  (PEI)	  was	  not	  available	   in	  the	  laboratory,	  PEI	  
was	   added	   on	   top	   of	   –COOH	   groups	   already	   grafted	   on	   an	   electrode.	   The	   carboxylic	   acid	  
functionalized	   anodes	   were	   submerged	   in	   16	  mL	   of	   an	   aqueous	   solution	   of	   100	  mM	   N-­‐
hydroxysuccinimide	   (NHS)	   and	   100	  mM	   1-­‐ethyl-­‐3-­‐(3-­‐dimethylaminopropyl)	   carbodiimide	  
hydrochloride	  (EDC).	  Anodes	  were	  incubated	  for	  3	  h	  on	  ice	  to	  allow	  the	  formation	  of	  NHS	  esters,	  and	  
then	   1	  mL	   of	   a	   50	  wt%	   solution	   of	   branched	   PEI	   added	   (number	   average	   molecular	   weight,	  
Mn	  =	  1200,	  Sigma–Aldrich).	  Anodes	  were	   incubated	   in	  this	  solution	  overnight	  at	  room	  temperature	  
and	  then	  removed	  from	  the	  solution	  and	  washed	  copiously	  with	  distilled	  water	  (Kramer	  et	  al.	  2012).	  
The	  modified	  electrode	  was	  then	  sonicated	  for	  2	  s	  in	  pure	  water	  to	  remove	  polymers	  that	  were	  not	  
properly	  bound	  to	  the	  electrode.	  
3.2.2 Anode-­‐respiring	  biofilm	  growth	  and	  selection	  
The	  anode-­‐respiring	  biofilms	  were	  selected	  in	  100	  mL	  microbial	  fuel	  cells	  (MFCs)	  using	  the	  ‘method	  2’	  
described	   in	   Chapter	  2,	   section	   2.2.3.	   The	   anode	   potentials	   were	   maintained	   at	   -­‐0.36	  V	   versus	  
Ag/AgCl	  using	  a	  three-­‐electrode	  arrangement	  (Commault	  et	  al.	  2013).	  The	  counter	  electrode	  (carbon	  
cloth,	  Fuel	  Cell	  Earth	  LLC,	  Ma,	  USA)	  was	  separated	   from	  the	  analyte	  by	  an	  Ultrex	  CMI-­‐7000	  cation-­‐
exchange	   membrane	   (Membranes	   International	   Inc.,	   NJ,	   USA)	   in	   a	   chamber	   containing	   0.1	  M	  
phosphate	  buffer	   (pH	  =	  7.5).	   The	  anode,	  a	   (modified	  or	  unmodified)	  graphite	   rod	  of	  5.81	  cm2,	  was	  
maintained	   at	   a	   fixed	   potential	   by	   a	   4-­‐channel	   potentiostat	   as	   described	   in	   section	  2.2.2.	   For	   the	  
experiment	   comparing	   the	   effects	   of	   four	   chemical	   groups	   grafted	   on	   anodes,	   the	   MFCs	   were	  
inoculated	  with	  50	  mL	  of	  water-­‐saturated	  soil	  collected	  in	  Lincoln	  (Christchurch,	  NZ)	  (Figure	  3.3).	  For	  
the	  experiment	  comparing	  the	  effect	  of	  three	  different	  inocula	  on	  the	  growth	  and	  selection	  of	  anodic	  
biofilms,	   50	  mL	   of	   soils	   from	  diverse	   environments	  were	   added	   to	  MFCs	  with	   unmodified	  working	  
electrodes.	  The	  inocula	  were	  referred	  to	  as	  (i)	  “Crater	  Rim”	  (CR)	  a	  dry	  soil	  collected	  on	  the	  hillside	  of	  
a	   Banks	   Peninsula	  walking	   track	   (Canterbury,	  NZ);	   (ii)	   “Church	  Bay”	   (CB)	   a	  wet	   saline	   estuary	  mud	  
(Canterbury,	   NZ);	   and	   (iii)	   “Halswell	   River”	   (R)	   a	   wet	   soil	   from	   the	   bed	   of	   a	   freshwater	   stream	  
(Canterbury,	   NZ)	   (Figure	  3.3).	   The	   MFCs	   were	   then	   filled	   to	   the	   top	   with	   a	   minimal	   medium	  
containing	  15	  mM	  of	  acetate	  (composition	  described	  in	  Chapter	  2,	  section	  2.2.2)	  previously	  sparged	  
with	  nitrogen	  (<10	  ppm	  of	  O2)	  gas	  for	  10	  min.	  The	  biofilms	  were	  left	  to	  develop	  for	  approximately	  4	  
weeks	   while	   being	   fed	   acetate	   medium	   every	   two	   or	   three	   days	   in	   batch	   mode.	   Current	  
measurements	  were	  made	  every	  10	  min	  to	  follow	  the	  formation	  of	  anode-­‐respiring	  biofilms.	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non-­‐turnover	   conditions	   at	   potentials	   ranging	   from	   -­‐0.6	  V	   to	   0.1	  V	   vs	   Ag/AgCl.	   The	   cyclic	  
voltammogram	  of	  the	  electrolyte	  from	  the	  “Crater	  Rim”	  MFC	  was	  performed	  using	  a	  clean	  graphite	  
rod	  electrode	  of	  5.81	  cm2	  and	   the	   same	  parameters	  as	   in	  non-­‐turnover	   conditions,	  after	  10	  min	  of	  
bubbling	  with	  nitrogen	  (<10ppm	  of	  O2)	  gas.	  
3.2.4 DNA	  extraction	  
DNA	  was	  extracted	  using	  an	  UltraCleanTM	  Soil	  DNA	  Isolation	  kit	  (MO	  Bio	  Laboratories	  Inc.,	  CA,	  USA).	  
The	   extracted	   DNA	   was	   quantified	   by	   spectrophotometry	   (NanoDrop®	   ND-­‐1000)	   and	   its	   quality	  
examined	  by	  electrophoresis	  on	  0.7%	  agarose	  gel.	  The	  DNA	  extracts	  were	   then	  stored	  at	   -­‐20°C	   for	  
further	  analyses.	  	  
3.2.5 Population	  profiling:	  Automated	  Ribosomal	  Intergenic	  Spacer	  Analysis	  
(ARISA)	  
ARISA	  is	  a	  semi-­‐quantitative	  molecular	  DNA	  fingerprinting	  technique	  targeting	  the	  intergenic	  region	  
of	  bacterial	  16S	  and	  23S	  rRNA	  genes.	  As	  length	  of	  the	  intergenic	  region	  varies	  across	  taxa,	  these	  data	  
can	   provide	   a	   profile	   of	   community	   structure	   within	   each	   sample.	   ARISA	   of	   bacterial	   DNA	   was	  
performed	   as	   previously	   described	   in	   Chapter	  2,	   section	  2.2.7.	   The	   results	   were	   visualised	   in	  
GeneMapper	  software	  (version	  3.7,	  Applied	  Biosystems	  Ltd.)	  and	  processed	  in	  Excel.	  The	  similarities	  
between	  the	  bacterial	  community	  data	  among	  samples	  were	  compared	  using	  a	  Bray	  Curtis	  similarity	  
matrix	   (Legendre	   and	   Legendre	   1998)	   and	   visualised	   in	   the	   form	   of	   a	   tree	   in	   PRIMER6	   software	  
(version	  6.1.12,	  Primer-­‐E	  Ltd.,	  Plymouth,	  UK)	  (Commault	  et	  al.	  2013,	  Lear	  et	  al.	  2008).	  
3.2.6 Cloning	  and	  sequencing	  
The	  16S	  rRNA	  genes	  of	  the	  extracted	  DNA	  were	  amplified	  using	  the	  universal	  primers	  B342IF/U806IR	  
(sequences	  detailed	   in	  section	  2.2.7,	  chapter	  2),	  except	   for	   the	  “Crater	  Rim”	  sample	  where	   the	  16S	  
rRNA	   genes	  were	   amplified	   using	   the	   universal	   primers	   PB36/PB38	   (sequences	   detailed	   in	   section	  
2.2.10,	   chapter	  2).	   The	  BIOTAQ™	  PCR	  kit	   (Bioline),	   and	   the	   following	  PCR	   conditions	  were	  used:	   (i)	  
94°C	   for	   3	  min;	   (ii)	   30	   cycles	   of	   94°C	   for	   60	  s,	   50°C	   for	   60	  s,	   72°C	   for	   70	  s,	   and	   then	   (iii)	   72°C	   for	  
10	  min.	  Once	  amplified,	  the	  16S	  rRNA	  fragments	  were	  ligated	  into	  pCR2.1	  vectors	  using	  TA	  Cloning®	  
Kit	  (Invitrogen,	  USA)	  and	  transformed	  into	  One	  Shot®	  E.	  coli	  TOP10F’	  CaCl2	  competent	  cells,	  according	  
to	  the	  manufacturer’s	  protocol	  (Invitrogen,	  USA).	  Isolated	  clones	  were	  selected	  on	  Luria	  Bertani	  (LB)	  
agar	  plates	   containing	  100	  µg/mL	  of	   ampicillin.	   The	   inserts	  of	   clones	  were	   sequenced	  on	  a	  3130XL	  
Capillary	   Genetic	   Analyser	   (Applied	   Biosystems	   Ltd.,	   Melbourne,	   Australia)	   in	   both	   reverse	   and	  
forward	  directions	  using	  the	  plasmid	  specific	  primers	  M13r	  /	  M13f	  (sequences	  detailed	  in	  chapter	  2).	  
The	   forward	   and	   reverse	   sequences	   were	   aligned	   and	   corrected	   with	   ChromasPro	   software	  
(Technelysium	   Pty	   Ltd,	   Brisbane,	   Australia).	   The	   consensus	   sequences	   were	   compared	   with	   the	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nucleotide	   collection	   (nr/nt)	   of	   the	   National	   Center	   for	   Biotechnology	   Information	  
(www.ncbi.nlm.nih.gov/BLAST/)	   using	   the	   megablast	   algorithm	   to	   confirm	   the	   likely	   identity	   of	  
bacteria	  based	  on	  16S	  rRNA	  gene	  sequence	  fragments.	  
3.3 Results	  
3.3.1 Effect	  of	  different	  inocula	  on	  the	  selection	  of	  Geobacter-­‐dominated	  biofilms	  
No	  current	  was	  observed	  in	  the	  first	  days	  after	  inoculation	  (Figure	  3.4)	  allowing	  time	  for	  the	  bacterial	  
community	   to	   adapt	   to	   the	  MFC	   conditions.	   A	   current	   higher	   than	   2	  µA	  was	   first	   observed	   in	   the	  
MFCs	  inoculated	  with	  “Church	  Bay”	  (CB)	  and	  “River”	  (R)	  soils	  approximately	  14	  days	  after	  inoculation,	  
followed	  by	  “Crater	  Rim”	  (CR)	  MFC	  14	  days	  later	  (Table	  3.1).	  The	  current	  trend	  of	  the	  MFC	  inoculated	  
with	  “Lincoln”	  soil	  was	  added	  on	  the	  graph	  for	  comparison,	  the	  data	  came	  from	  the	  previous	  study	  
detailed	   in	  Chapter	  2.	   “Lincoln”	  biofilm	  was	  grown	  under	   the	  same	  conditions	  but	  not	  at	   the	  same	  
time	  as	  the	  three	  other	  biofilms.	  The	  biofilm	  developed	  from	  the	  Lincoln	  soil	  had	  a	  shorter	  start-­‐up	  
time	  than	  the	  other	  biofilms	  with	  the	  current	  measurably	   increasing	  4.5	  days	  after	   inoculation.	  The	  
current	   delivered	   by	   Lincoln,	   CB	   and	   R	   MFCs	   was	   higher	   than	   1	  mA	   towards	   the	   end	   of	   the	  
experiment,	  while	  the	  maximal	  current	  generated	  by	  CR	  MFC	  was	  only	  73	  µA	  after	  60	  days	  of	  growth.	  
The	   current	  doubled	   to	   reach	  145	  µA,	  when	   the	  biofilm	  was	   fed	  minimal	  medium	  without	   acetate	  
after	  66	  days	  of	  operation	  (Figure	  3.4).	  	  
	  
Figure	  3.4	   Current	  generated	  by	  the	  MFCs	  with	  different	  inocula	  over	  time.	  Soil	  from	  Lincoln	  
(blue	  circles),	  dry	  soil	  from	  “Crater	  Rim”	  (CR,	  red	  cross),	  saline	  soil	  from	  “Church	  
Bay”	  (CB,	  grey	  square)	  and	  wet	  soil	  from	  “Halswell	  River”	  (R,	  black	  triangles).	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Table	  3.1	   Current	  start-­‐up	  times,	  maximal	  power	  densities	  and	  internal	  resistances	  of	  each	  
MFC	  inoculated	  with	  different	  soil	  sources.	  
Inoculum	  source	  
Start-­‐up	  time	  
(current	  >	  2	  µA)	  
Maximum	  power	  
density	  (mW/m2)	  
Internal	  resistance	  	  
(Ω)	  
Lincoln*	   4.5	  days	   250	   280	  
Crater	  Rim	   27.7	  days	   335	   270	  
Church	  Bay	   13.8	  days	   377	   1000	  
River	   14.2	  days	   444	   517	  
*Data	  from	  biofilm	  grown	  from	  “Lincoln”	  inoculum	  are	  given	  as	  comparison	  with	  the	  previous	  study	  
(Chapter	  2).	  However,	  the	  biofilm	  was	  a	  week	  younger	  than	  the	  others	  when	  the	  maximum	  power	  
output	  and	  the	  internal	  resistance	  were	  determined	  (after	  only	  three	  weeks	  of	  selection	  against	  
29	  days	  for	  the	  different	  inocula	  experiment).	  	  
	  
The	  power	  curves	  of	  “Church	  Bay”	  and	  “River”	  MFCs	  were	  performed	  after	  29	  days	  of	  growth,	  while	  
the	   power	   curve	   of	   “Crater	   Rim”	   was	   performed	   30	   days	   later,	   allowing	   time	   for	   the	   biofilm	   to	  
produce	  a	   similar	   amount	  of	   current	   as	   the	   two	  others.	   The	   values	   are	  displayed	   in	   Table	  3.1.	   The	  
three	   inocula	   led	   to	  MFCs	   with	   higher	   power	   densities	   than	   “Lincoln”	   MFC.	   “River”	   had	   a	   higher	  
power	  density	  than	  “Church	  Bay”	  and	  “Crater	  Rim”.	  “River”	  was	  also	  the	  MFC	  with	  the	  fastest	  start-­‐
up	  time.	  The	  internal	  resistance	  of	  “Church	  Bay”	  was	  high,	  which	  may	  explain	  why	  its	  power	  density	  
was	   lower	   than	   the	   “River”	  power	  density.	   “Crater	  Rim”	  MFC,	   in	   spite	  of	   its	   slow	  start-­‐up	  and	   low	  
current	   output,	   had	   a	   power	   density	   comparable	   to	   the	   other	   biofilms	   and	   the	   lowest	   internal	  
resistance.	  
The	  turnover	  voltammograms	  of	  “Church	  Bay”	  and	  “River”	  biofilms	  showed	  a	  sigmoid	  catalytic	  wave	  
characteristic	  of	  acetate	  oxidation	  by	  Geobacter	  sp.	  terminal	  cytochromes	  with	  a	  midpoint	  potential	  
around	   -­‐0.4	  V	   vs	   Ag/AgCl	   (Figure	  3.5a,b).	   The	   “Church	   bay”	   voltammogram	   showed	   a	   pattern	   of	  
discharge	   at	   -­‐0.3	  V	   (Figure	  3.5a).	   This	   pattern	  was	   absent	   from	   the	   “River”	   voltammogram,	  which,	  
instead,	   showed	   an	   oxidation	   peak	   at	   -­‐0.15	  V	   (Figure	  3.5b).	   “Crater	   Rim”	   biofilm	   had	   a	   different	  
turnover	  voltammogram	  revealing	  the	  presence	  of	  a	  redox	  system	  with	  a	  reduction	  peak	  at	  -­‐0.35	  V	  
and	  an	  oxidation	  peak	  at	  -­‐0.05	  V	  vs	  Ag/AgCl	  (E1/2	  =	  -­‐0.15	  V).	  The	  reduction	  peak	  corresponded	  to	  the	  
potential	  of	  selection	  (-­‐0.36	  V),	  meaning	  that	  a	  mediator	  was	  transferring	  electrons	  to	  the	  electrode	  
at	   that	  potential.	   This	   indicates	  mediated	  electron	   transfer	  between	   the	  biofilm	  and	   the	  electrode	  
surface	   for	   the	   oxidation	   of	   acetate.	   The	   same	   redox	   system	   was	   observed	   on	   non-­‐turnover	  
voltammograms,	   the	   biofilm	   kept	   on	   producing	   the	  mediator	   even	   in	   the	   absence	   of	   acetate.	   The	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The	   -­‐SO2NH2	  modification	   led	   to	   the	   fastest	   start-­‐up	   time	  but	   the	   lowest	  maximum	  power	  output.	  
The	  biofilm	  attached	  onto	  the	  –B(OH)2	  electrode	  delivered	  a	  high	  power	  density,	  at	  least	  two	  times	  
higher	   than	   the	   biofilms	   growing	   on	   the	   other	   electrodes.	   The	   MFC	   containing	   the	   PEI-­‐modified	  
electrode	  had	  the	  slowest	  start-­‐up	  time	  and	  the	  highest	  internal	  resistance.	  	  
The	  turnover	  voltammograms	  performed	  after	  selection	  showed	  a	  sigmoid	  catalytic	  wave	  for	  all	  the	  
modified	   electrodes.	   This	  wave	   is	   characteristic	   of	   acetate	   oxidation	   via	   the	   catalytic	   action	  of	   the	  
biofilm	  grown	  on	  the	  electrode	  surface	  (Figure	  3.8).	  	  
In	  the	  first	  experiment,	  the	  electrode	  modified	  with	  PEI	  produced	  a	  lower	  catalytic	  current	  than	  the	  
others,	   including	   the	   unmodified	   electrode.	   It	   also	   had	   a	   higher	   midpoint	   potential	   of	   catalytic	  
acetate	  oxidation	  at	   -­‐0.35	  V,	  while	   it	   is	  around	  -­‐0.4	  V	   for	   the	  other	  modifications.	  This	   is	  consistent	  
with	  the	  biofilm	  grown	  on	  PEI	  anode	  having	  the	  longest	  start-­‐up	  time	  and	  producing	  less	  current	  over	  
time	   than	   the	   three	   other	   electrode	  modifications.	   The	   biofilms	   grown	   on	   -­‐COOH,	   -­‐SO2NH2	   and	   -­‐
B(OH)2	   electrodes	   had	   similar	   catalytic	   currents	   at	   about	   2.17	  ±	  0.16	  mA	   (Figure	  3.8	  a),	   they	   also	  
produced	  a	  similar	  amount	  of	  current	  over	  the	  course	  of	  the	  selection	  phase.	  	  
This	  experiment	  was	  repeated	  once	  again	  and	  similar	  results	  were	  obtained.	  The	  biofilms	  grown	  on	  
modified	  electrodes	  had	  the	  same	  order	  of	  start-­‐up	  times,	  power	  densities	  and	   internal	   resistance.	  
Only	   the	   cyclic	   voltammograms	  were	   different	  with	   slightly	   lower	   catalytic	   currents,	   starting	   from	  
1.5	  mA,	   and	   one	   change	   in	   the	   order	  with	   the	   PEI	  modified	   electrode	   having	   the	   highest	   catalytic	  
current	   followed	   by	   -­‐COOH	   and	   –SO2SH2	   electrodes	   (Figure	  3.8	  b).	   The	   PEI	   electrode	   also	   had	   the	  
same	  midpoint	  potential	  of	   the	  catalytic	  wave	  as	   the	  others.	  Unfortunately	   the	  biofilm	  growing	  on	  
the	   -­‐B(OH)2	   modified	   electrode	   was	   unintentionally	   electrocuted	   after	   17	  days	   of	   growth	   and	   no	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modifications.	  The	  results	  from	  the	  ARISA	  profiles	  and	  the	  similarity	  tree	  suggested	  that	  there	  were	  
small	  but	  consistent	  differences	  in	  the	  dominant	  communities	  of	  the	  four	  biofilms.	  	  
Cloned	  16S	  rRNA	  genes	  of	  the	  biofilm	  selected	  on	  the	  –SO2NH2	  modified	  electrode	  were	  sequenced	  
to	  identify	  the	  dominant	  species	  present	  in	  each	  biofilm.	  All	  clones	  (13/13)	  were	  identified	  as	  being	  
similar	  at	  96%	  to	  Geobacter	  psychrophilus.	  These	  results	  were	  consistent	  with	  the	  sequencing	  results	  
of	  Chapter	  2.	  
3.4 Discussion	  
The	   study	   aimed	   to	   determine	   the	   impact	   of	   different	   inoculum	   sources	   and	   electrode	   surface	  
modifications	   on	   the	   selection	   of	   electro-­‐active	   biofilms,	   using	   the	   selective	   method	   previously	  
designed	   (‘Method	  2’	  of	  Chapter	  2,	   section	  2.2.3),	   to	   improve	   the	  electrochemical	  performances	  of	  
the	  selected	  biofilms.	  	  
3.4.1 Impact	  of	  inoculum	  source	  
The	  three	  inocula	  tested	  did	  not	  result	  in	  a	  faster	  start-­‐up	  time	  than	  the	  soil	  collected	  from	  a	  ditch	  at	  
Lincoln	  University,	  usually	  used	  to	  inoculate	  the	  MFCs.	  The	  current	  in	  “Church	  Bay”	  and	  “River”	  MFCs	  
reached	   2	  µA	   a	   week	   after	   the	   typical	   start-­‐up	   time	   of	   MFCs	   inoculated	   with	   “Lincoln”	   soil.	   The	  
“Church	  bay”	  soil	  was	  collected	  in	  an	  estuary	  where	  the	  salinity	  was	  likely	  higher	  than	  the	  salinity	  of	  
the	   growth	   medium.	   The	   unsuitability	   of	   the	   medium	   could	   explain	   a	   longer	   start-­‐up	   time.	   The	  
“Crater	  Rim”	  resulted	  in	  an	  even	  longer	  start-­‐up	  time	  with	  2	  µA	  reached	  28	  days	  after	  the	  start	  of	  the	  
experiment.	   This	   was	   twice	   as	   long	   as	   the	   start-­‐up	   times	   of	   the	  MFCs	   inoculated	   with	   “River”	   or	  
“Church	  Bay”	  soils.	  When	  Miceli	  et	  al.	   (2012)	   tried	  to	  select	  anode-­‐respiring	  bacteria	   from	  thirteen	  
diverse	   inocula	   around	   the	   world	   using	   a	   poised	   anode	   (−0.30	   V	   vs	   Ag/AgCl)	   and	   acetate	   as	   the	  
electron	  donor	  in	  a	  MFC,	  only	  half	  of	  them	  produced	  high	  current	  densities	  (>1.5	  A/m2,	  anode)	  after	  
21	  days	  of	  selection.	  They	  explained	  that	  their	  results	  might	  be	  due	  to	  factors	  such	  as	  the	  suitability	  
of	  the	  media	  for	  the	  growth	  of	  the	  organisms	  present	  in	  the	  inocula,	  varying	  capacities	  for	  electrode	  
respiration,	   or	   differing	   methods	   of	   biofilm	   formation	   between	   different	   organisms	   (Miceli	   et	   al.	  
2012).	   These	   factors	   could	   explain	   the	   longer	   start-­‐up	   time	  of	   “Crater	   Rim”	   too.	   The	   soil	   collected	  
from	  the	  hillside	  of	  “Crater	  Rim”	  walking	  track	  was	  very	  dry	  compared	  to	  “Church	  Bay”	  and	  “River”	  
soils,	   and	  was	   likely	   to	   contain	  mainly	   aerobic	   bacteria.	   Three	   potential	   reasons	   could	   explain	   the	  
longer	  start	  up	   times	  seen	  with	   the	  “Crater	  Rim”	   inoculum.	   (i)	  Firstly,	   there	  may	  be	   fewer	  bacteria	  
capable	   of	   anode-­‐respiration	   present	   in	   the	   inoculum,	   so	   it	   takes	   longer	   to	   multiply	   up	   to	   the	  
numbers	  needed	   to	  produce	   a	  measurable	   current.	   (ii)	   The	   second	  possibility	   is	   that	   the	   inoculum	  
may	  contain	  less	  diversity	  amongst	  the	  anode-­‐respiring	  bacteria	  than	  is	  present	  in	  the	  other	  inocula	  
and	  therefore	  may	  lack	  species	  or	  strains	  well	  adapted	  for	  growing	  in	  the	  MFC	  conditions.	  (iii)	  Thirdly,	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it	  is	  likely	  that	  “Crater	  Rim”	  bacteria	  have	  not	  been	  exposed	  to	  anaerobic	  conditions	  for	  some	  time,	  
and	   so	   it	   takes	   them	   longer	   to	   physiologically	   adapt	   to	   the	   anaerobic	   conditions	   or	   to	   form	  
appropriate	   syntrophic	   associations	   that	   allow	   them	   to	   effectively	   colonize	   the	   electrode	  
(physiological	   adaption).	   The	   results	  presented	  here,	  do	  not	  exclude	  any	  of	   these	  possibilities.	   It	   is	  
plausible	  that	  the	  slow	  start-­‐up	  of	  “Crater	  Rim”	  was	  due	  to	  a	  combination	  of	  all	  three	  reasons.	  
The	   ARISA	   profiles	   obtained	   from	   each	   inoculum	   after	   selection	   are	   different	   to	   the	   ARISA	   profile	  
obtained	   using	   wet	   ditch	   soil	   from	   Lincoln.	   The	   later	   usually	   revealed	   about	   four	   peaks	   with	   two	  
dominant	   peaks	   at	   619	   and	   679	  bp	   (see	   Figure	  2.5,	   Chapter	  2)	   for	   biofilms	   selected	   at	   -­‐0.36	  V	   vs	  
Ag/AgCl	   in	  MFC.	  The	  biofilms	  selected	  with	   the	   three	  different	   inocula	  had	  different	  ARISA	  profiles	  
with	   one	   dominant	   peak	   about	   620	   ±	   5	  bp	   and	   an	   other	   dominant	   peak	   at	   781	  bp	   for	   the	   biofilm	  
selected	  from	  “Crater	  Rim”	  soil	  (Figure	  3.6).	  The	  peak	  at	  781	  bp	  has	  not	  been	  previously	  observed	  in	  
MFC	  biofilms	  selected	  with	  acetate	  medium.	  However,	  the	  peaks	  at	  620	  ±	  5	  bp	  could	  be	  due	  to	  the	  
presence	  of	  Geobacter	  sp.	  within	  the	  biofilm,	  as	  confirmed	  by	  the	  sequencing	  data.	  
The	  sequencing	  data	  identified	  a	  dominant	  species	  of	  Geobacter	  most	  similar	  to	  G.	  psychrophilus	   in	  
all	   the	  biofilms	  selected	   from	  different	   inocula.	  When	  aligned	   together,	   the	  16S	  rRNA	   fragments	  of	  
“Church	   Bay”	   and	   “River”	   biofilms	   most	   similar	   to	   Geobacter	   psychrophilus	   differed	   by	   1	  bp,	  
suggesting	  that	  the	  two	  biofilms	  were	  likely	  to	  be	  dominated	  by	  different	  isolates	  but	  closely	  related	  
strains	  of	  Geobacter	  sp.	  All	  bacterial	  communities	  ended	  up	  being	  dominated	  by	  Geobacter	  sp.	  after	  
4	  weeks	  in	  MFCs	  poised	  at	  -­‐0.36	  V	  vs	  Ag/AgCl	  and	  fed	  acetate	  medium.	  However,	  depending	  on	  the	  
inoculum,	  the	  performance	  of	  the	  biofilm	  may	  be	  different.	  
In	  spite	  of	  being	  dominated	  by	  Geobacter	  sp.	   the	  biofilm	  selected	  from	  the	  “Crater	  Rim”	  soil	  had	  a	  
very	  slow	  start-­‐up	  time	  and	  generated	  a	  low	  current.	  However,	  the	  power	  density	  it	  delivered	  was	  in	  
the	  same	  order	  of	  magnitude	  as	  the	  power	  densities	  of	  “Church	  Bay”	  and	  “River”	  biofilms	  and	  even	  
higher	  than	  “Lincoln”	  biofilm.	  The	  relatively	  high	  power	  density	  of	  the	  “Crater	  Rim”	  biofilms	  might	  be	  
due	  to	  their	  relatively	  low	  internal	  resistance.	  
“River”	  had	  the	  highest	  power	  density	  and	  the	  fastest	  start-­‐up	  time.	  The	  high	  internal	  resistance	  of	  
“Church	   Bay”	   may	   have	   limited	   the	   performance	   of	   the	   biofilm.	   Both,	   “River”	   and	   “Church	   Bay”	  
biofilms	  had	  similar	  voltammograms	  showing	  a	  sigmoidal	  wave	  with	  midpoint	  potentials	  about	  -­‐0.4	  V	  
vs	   Ag/AgCl,	   typical	   of	   the	   catalysis	   of	   acetate	   oxidation	   by	  Geobacter	   sp	   (Miceli	   et	   al.	   2012).	   The	  
voltammogram	  of	  the	  “Church	  Bay”	  biofilm	  had	  a	  complex	  waveform	  with	  a	  drop	  of	  current	  at	  the	  
top	  of	  the	  waves,	  which	  could	  be	  associated	  to	  a	  pattern	  of	  “discharge”	  of	  cytochromes	  as	  previously	  
described	  (Chapter	  2).	  However,	  this	  pattern	  was	  mainly	  observed	  for	  biofilms	  selected	  at	  -­‐0.25	  V	  vs	  
Ag/AgCl	   in	   Chapter	  2,	   and	  was	   less	   obvious	   for	   biofilms	   selected	   at	   -­‐0.36	  V	   (Figure	  2.7,	   Chapter	  2).	  
The	  “Church	  bay”	  voltammogram	  is	  similar	  to	  those	  recorded	  by	  Marsili	  et	  al.	  (2008b)	  by	  exposing	  a	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thin	  biofilm	  of	  G.	  sulfurreducens,	  previously	  selected	  in	  20	  mM	  acetate	  medium,	  to	  saturating	  levels	  
of	  acetate	  (concentration	  higher	  than	  12	  mM).	  Marsili	  et	  al.	  (2008b)	  did	  not	  explain	  the	  origin	  of	  the	  
complex	  waveforms	  observed.	  However,	  LaBelle	  and	  Bond	  (2009)	  described	  these	  features	  as	  being	  
created	   by	   a	   mismatch	   between	   scan	   rates	   and	   acetate	   diffusion	   rates,	   so	   that	   forward	  
voltammograms	  begin	  to	  resemble	  diffusion-­‐limited	  peaks	  at	  planar	  electrodes,	  producing	  peak-­‐like	  
features	   (LaBelle	   and	   Bond	   2009).	   This	   kind	   of	   behaviour	   often	   happens	   when	   thick	   or	   porous	  
electrodes	  are	  used,	  as	  donor	  concentrations	  could	  become	  depleted	  at	  the	  electrode	  surface	  during	  
the	  scan	  (LaBelle	  and	  Bond	  2009).	  The	  graphite	  rod	  electrodes	  used	  in	  this	  study	  had	  a	  large	  diameter	  
(0.4	  cm),	  which	  could	  explain	  the	  pattern	  of	  “Church	  Bay”	  biofilm	  voltammogram	  and	  the	  oxidation	  
peak	  at	  -­‐0.15	  V	  observed	  on	  the	  “River”	  biofilm	  voltammogram.	  The	  different	  voltammogram	  shapes	  
of	  the	  two	  biofilms	  could	  also	  be	  explained	  by	  the	  two	  different	  Geobacter	  strains	  dominating	  their	  
biofilms.	  	  
The	   “Crater	   Rim”	   biofilm	   voltammogram	   infers	   an	   indirect	   electron	   transfer	   at	   the	   interface	  
biofilm/electrode	  possibly	  due	  to	  the	  secretion	  of	  electron	  shuttles	  by	  the	  species	  responsible	  for	  the	  
781	  bp	  ITS	  fragment	  on	  the	  ARISA	  electropherogram.	  The	  sequencing	  results	  revealed	  Geobacter	  sp.	  
as	  amongst	  the	  dominant	  species	  in	  the	  “Crater	  Rim”	  biofilm	  but	  no	  sigmoidal	  wave	  was	  observed	  in	  
its	  turnover	  voltammogram.	  The	  sigmoidal	  signal	  was	  possibly	  masked	  by	  the	  mediator	  signal	  as	  the	  
current	   generated	   was	   higher	   than	   the	   current	   recorded	   for	   “Church	   Bay”	   or	   “River”	   biofilms	  
voltammograms.	  The	  mediator	  produced	  by	  the	  biofilm	  was	  transferring	  electrons	  to	  the	  electrode	  
at	  the	  potential	  of	  selection	  (-­‐0.36	  V	  vs	  Ag/AgCl)	  in	  the	  presence	  and	  in	  the	  absence	  of	  acetate.	  This	  is	  
suggested	  because	  the	  same	  redox	  system	  was	  observed	  in	  non-­‐turnover	  voltammograms.	  	  
The	  current	  generated	  by	  the	  “Crater	  Rim”	  biofilm	  was	  low	  compared	  to	  the	  two	  other	  biofilms	  and	  
increased	   very	   slowly	   over	   time.	   However,	   feeding	   the	   biofilm	   with	   acetate-­‐depleted	   medium	  
resulted	   in	   an	   increase	  of	   current	   (Figure	  3.4).	   This	   is	  paradoxical	   as	   acetate	  was	   the	  only	  electron	  
donor	  in	  the	  medium.	  It	   is	  possible	  that	  acetate	  had	  an	  inhibitory	  effect	  on	  the	  electron	  transfer	  of	  
the	   “Crater	   Rim”	   biofilm	   at	   a	   certain	   concentration.	   Feeding	   the	   biofilm	   with	   acetate-­‐depleted	  
medium	  would	  have	  diluted	   the	  acetate	   left	   in	   the	  electrolyte	   to	  an	  optimal	   concentration	   for	   the	  
biofilm.	  To	  have	  a	  better	  understanding	  of	   the	  mechanism	  of	  electron	   transfer	   in	   the	  “Crater	  Rim”	  
biofilm,	   it	  would	   have	  been	  necessary	   to	   identify	   the	   species	   represented	  by	   the	   ITS	   fragments	   of	  
781	  bp.	  However,	  as	  this	  species	  did	  not	  confer	  a	  better	  performance	  to	  the	  MFC,	  this	  was	  not	  done.	  	  
It	   is	   interesting	   that	   three	  very	  different	  environments	   from	  separate	  geographical	   localities:	  a	  wet	  
saline	  environment	  by	  an	  estuary;	  a	  wet	  freshwater	  environment	  by	  a	  lowland	  river	  and	  dry	  soil	  on	  a	  
hillside,	  provided	  exactly	  the	  same	  dominant	  species	  after	  MFC	  selection.	  It	  suggests	  that	  Geobacter	  
psychrophillus	   is	   widespread	   in	   soils,	   even	   those	   that	   do	   not	   provide	   a	   continuously	   anaerobic	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environment,	   and	   is	   very	   much	   better	   at	   growing	   in	   MFCs	   in	   these	   conditions	   than	   any	   other	  
bacteria.	  Even	  though	  the	  soil	   samples	  were	  collected	   in	  very	  different	  environments,	  each	  sample	  
likely	  contained	  many	  micro-­‐environments,	  many	  of	  which	  are	  identical.	  Consequently,	  they	  may	  be	  
inhabited	  by	  the	  same	  bacteria.	  	  
These	   results	   differed	   from	   Miceli	   et	   al.	   (2012)	   who	   found	   that	   bacteria	   related	   to	   the	   genus	  
Geobacter	  dominated	  only	  two	  of	  the	  seven	  biofilms	  selected	  from	  diverse	  inocula	  and	  producing	  a	  
high	   current	   on	   cylindrical	   graphite	   rods	   poised	   at	   -­‐0.30	  V	   vs	   Ag/AgCl.	   The	   voltammograms	   of	   the	  
seven	   biofilms	   all	   showed	   sigmoidal	   waves,	   suggesting	   that	   direct	   electron-­‐transfer	   mechanisms	  
were	  involved.	  None	  of	  their	  seven	  biofilms	  showed	  indirect	  electron	  transfer	  as	  observed	  for	  “Crater	  
Rim”	   (Miceli	  et	  al.	  2012),	  maybe	  because	  any	  of	   them	  were	   selected	   from	  an	  aerobic	  dry	   soil.	   The	  
unique	   Geobacter-­‐dominated	   community	   of	   “Crater	   Rim”	   biofilm	   suggests	   that	   the	   capacity	   for	  
anode	   respiration	   is	  widespread	   even	   in	   environments	   that	  we	  might	   expect	  would	   be	   frequently	  
exposed	  to	  oxygen.	  	  
3.4.2 Impact	  of	  electrode	  surface	  modifications	  
I	   anticipated	   that	   changing	   the	   electrode	   surface	   properties	   could	   select	   for	   different	   bacterial	  
communities.	   For	   instance,	   a	   negatively	   charged	   electrode	   surface	   at	   pH	  7	   (e.g.,	   -­‐COOH	  
modifications)	  should	  electrostatically	  repulse	  negatively	  charged	  bacteria	  and	  so	  result	   in	  different	  
bacterial	   communities	   than	   positively	   charged	   electrode	   surfaces	   (e.g.,	   -­‐SO2NH2	   and	   PEI	  
modifications).	  The	  electrode	  modifications	  did	  not	  influence	  the	  composition	  of	  the	  most	  dominant	  
species	   in	   the	   selected	   biofilms,	   as	   their	   ARISA	   profiles	   were	   similar.	   However,	   consistent	   subtle	  
changes	  in	  community	  composition	  were	  detected	  by	  Bray	  Curtis	  similarity	  analysis	  of	  ARISA	  profile	  
data.	   All	   four	   biofilms	   had	   similar	   dominant	   bacterial	   communities	   as	   previous	   observed	   for	  
Geobacter-­‐dominated	   biofilms	   selected	   at	   -­‐0.36	  V	   vs	   Ag/AgCl	   (Chapter	  2,	   figure	  2.6),	   with	   the	  
exception	   that	   the	   619	  bp	   ITS	   fragment	   was	   not	   detected	   in	   B(OH)2	   biofilm.	   These	   results	   are	  
discordant	  with	  the	  results	  of	  Picot	  et	  al.	  (2011),	  who	  found	  using	  fluorescence	   in	  situ	  hybridization	  
(FISH,	   probe	   Geo1A)	   that	   only	   biofilms	   selected	   from	   domestic	  wastewater,	   on	   positively	   charged	  
surfaces	   (modified	   with	   aryl	   diazonium	   salts	   or	   4-­‐benzyl	   triphenylphosphonium	   diazonium)	   were	  
dominated	   by	  Geobacter	   sp.	   Their	   biofilm	   selected	   on	   the	   anode	  modified	  with	   benzylcarboxylate	  
groups	   (functional	   group	   -­‐COOH)	   had	   less	   bacterial	   cells	   and	   none	   of	   them	   belonged	   to	   the	  
Geobacter	  subgroup	  (Picot	  et	  al.	  2011).	  However,	  Guo	  et	  al.	  (2013)	  showed	  that	  differences	  in	  biofilm	  
communities	  were	  attributed	  to	  differences	  in	  hydrophilicity	  or	  hydrophobicity	  of	  electrode	  surfaces	  
more	  than	  to	  differences	  in	  the	  charge	  of	  the	  electrode	  modification	  groups.	  They	  showed	  that	  glassy	  
carbon	   surfaces	  modified	  with	   –CH3,	   -­‐OH,	   -­‐SO3
-­‐,	   or	   -­‐N+(CH3)3	   functional	   groups	   by	   electrochemical	  
reduction	  of	  aryl	  diazonium	  salts	  all	  led	  to	  the	  selection	  of	  biofilms	  dominated	  by	  Geobacter	  sp.,	  with	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the	  positively	  charged	  and	  hydrophilic	  surfaces	  being	  more	  selective	  to	  electro-­‐active	  microbes.	  Their	  
FISH	   results	   showed	   that	   at	   the	   electrode	   interface,	   the	   relative	   Geobacter	   abundance	   on	   the	  
hydrophobic	   surface	   (−CH3)	   was	   only	   about	   half	   of	   that	   of	   the	   biofilms	   on	   hydrophilic	   surfaces	  
(−N+(CH3)3,	  −OH,	  and	  −SO3
−).	  Hence,	  Guo	  et	  al.	  (2013)	  hypothesized	  that	  the	  surface	  hydrophobicity	  
affects	  the	   initial	  attachment	  of	  Geobacter	  sp.,	  and	  so	  the	  subsequent	  biofilm	  development.	  All	  the	  
functional	  groups	  tested	  in	  my	  study	   increased	  the	  hydrophilicity	  of	  the	  graphite	  electrode	  surface,	  
as	   they	   are	   all	   likely	   to	   be	   in	   their	   ionized	   form	   in	   the	   anolyte.	   The	   increase	   of	   hydrophilicity	  
compared	  to	  the	  unmodified	  electrode,	  would	  have	  favoured	  the	  attachement	  of	  Geobacter	  sp.	  and	  
led	  to	  similar	  dominant	  communities.	  
The	   four	   biofilms	   performed	   better	   than	   the	   unmodified	   electrode,	   but	   their	   electrochemical	  
properties	  were	  different.	  These	  electrochemical	  differences	  were	  likely	  due	  either	  to	  the	  differences	  
in	  the	  minor	  dominant	  communities	  or	  to	  physiological	  changes	  in	  the	  major	  dominant	  bacteria.	  
The	   –SO2NH2	   electrode	   had	   the	   faster	   start-­‐up	   time	   but	   the	   lowest	   maximum	   power	   output.	  
Modifying	   an	   electrode	   with	   –SO2NH2	   groups	   had	   a	   beneficial	   effect	   on	   the	   initial	   adhesion	   of	  
bacteria	   to	   the	   electrode,	   but	   it	   did	   not	   lead	   to	   a	   higher	   power	   generation.	   The	   sulfonamides	   are	  
known	   to	   have	   antibacterial	   properties	   when	   free	   in	   solution	   (Florestano	   and	   Bahler	   1952).	   Their	  
activity	  depends	  on	   their	   lipophilicity,	  which	  determines	   their	  ability	   to	  get	   inside	   the	  bacterial	   cell	  
and	   their	   ionization	   at	   physiological	   pH.	  Once	   inside	   the	   cell,	   they	   act	   as	   competitive	   inhibitors	   of	  
Dihydropteroate	   Synthase	   (DHPS),	   an	  enzyme	  present	  exclusively	   in	  bacterial	   cells,	   resulting	   in	   the	  
depletion	  of	  folic	  acid	  stores	  leading	  to	  failure	  in	  biosynthesis	  of	  purine	  and	  thymine	  nucleotides	  and	  
eventually	   inhibiting	  DNA	  synthesis	  (Valderas	  et	  al.	  2008).	   In	  this	  case,	  the	  sulfonamides	  groups	  did	  
not	  impact	  the	  growth	  of	  the	  biofilm	  as	  they	  were	  grafted	  on	  the	  electrode	  surface.	  However,	  their	  
lipophilicity	  may	  have	  accelerated	  the	  attachment	  of	  bacterial	  cells	  to	  the	  electrode	  by	  penetrating	  
the	  bilayer	  structures	  of	  phospholipids	  of	  the	  outer-­‐membrane.	  This	  would	  have	  resulted	  in	  the	  more	  
rapid	  development	  of	  the	  anode-­‐respiring	  biofilm	  and	  so	  the	  production	  of	  electricity,	  explaining	  the	  
faster	   start-­‐up	   time.	   However,	   the	   performance	   of	   the	   biofilm	   growing	   on	   –SO2NH2	  was	   relatively	  
poor	  as	  shown	  by	  the	  low	  power	  density.	  
The	   highest	   power	   density	  was	   obtained	   for	   the	   biofilm	   grown	  on	   the	   electrodes	  modified	  with	   –
B(OH)2	  groups.	  This	  is	  in	  accordance	  with	  the	  study	  of	  Lapinsonniere	  et	  al.	  (2013)	  which	  showed	  that	  
the	   covalent	   grafting	   of	   phenylboronic	   acids	   on	   electrode	   surfaces	   improved	   the	   performance	   of	  
anodic	   biofilms.	   The	   boronic	   acids	   are	   known	   for	   their	   high	   affinity	   with	   diols,	   especially	   with	  
carbohydrates	  (Dowlut	  and	  Hall	  2006),	  such	  as	  the	  one	  present	  in	  the	  polysaccharides	  of	  the	  outer-­‐
membrane	   of	   Gram-­‐negative	   bacteria,	   favouring	   the	   adhesion	   of	   these	   bacteria	   to	   the	   electrode	  
surface.	  This	  strong	  interaction	  between	  the	  bacteria	  and	  the	  electrode	  appears	  to	  have	  led	  to	  better	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electrochemical	  performance.	  However,	  the	  effect	  of	  boronic	  acids	  on	  electro-­‐active	  biofilms	  is	  likely	  
to	  be	  more	  complex.	  When	  scraping	  the	  biofilms	  off	  the	  electrode	  for	  DNA	  extraction,	  I	  noticed	  that	  
biofilms	   from	   the	   -­‐B(OH)2	  electrodes	  were	  very	   thick,	   red	   (as	   for	  biofilms	  dominated	  by	  Geobacter	  
sp.)	   and	   viscous	   (data	   not	   show).	   The	   biofilm	  were	   so	   viscous	   that	   it	  was	   hard	   to	   form	   pellets	   by	  
centrifugation,	  which	  was	  likely	  to	  be	  due	  to	  a	  large	  secretion	  of	  exopolysaccharides	  by	  the	  biofilm,	  
as	  previously	  observed	  by	  Lapinsonniere	  et	  al.	  (2013).	  The	  –B(OH)2	  electrodes	  did	  not	  only	  play	  a	  role	  
in	  the	  attachment	  of	  the	  first	  layer	  of	  cells	  to	  the	  electrode,	  they	  also	  influence	  the	  physiology	  of	  the	  
biofilm.	  Previous	  studies	  showed	  that	  the	  boronic	  acids	  could	  penetrate	  the	  lipid	  bilayer	  membranes	  
and	  facilitate	  the	  transport	  of	  diverse	  molecules	  such	  as	  carbohydrates	  or	  ribonucleotides	  (Westmark	  
and	  Smith	  1996,	  1994).	  The	  c-­‐di-­‐GMP	  (cyclic	  diguanosine	  monophosphate)	   is	  one	  ribonucleotide	  of	  
interest	  here,	  as	   it	  controls	   the	  production	  of	  pili	  by	  binding	  the	  PilZ	  domain	  of	  proteins	  regulating	  
cell	   motility	   (Wolfe	   and	   Visick	   2008).	   Elevated	   intracellular	   levels	   of	   c-­‐di-­‐GMP	   generally	   cause	  
bacteria	   to	   change	   from	   a	   motile	   single-­‐cell	   state	   to	   a	   biofilm	   state	   (Wolfe	   and	   Visick	   2008).	   A	  
modulation	   of	   pili	   production	   could	   affect	   the	   adhesion	   of	   bacteria	   to	   the	   electrode	   and	   also	   the	  
extracellular	   electron	   transfer.	   Indeed,	   conductive	   pili	   (also	   called	   nanowires)	   are	   known	   to	   be	  
involved	   in	   long	   distance	   or	   inter-­‐bacterial	   electrons	   transfers	   in	   anodic	   biofilms	   (Malvankar	   and	  
Lovley	  2012).	  Other	  researchers	  showed	  that	  –B(OH)2	  groups	  have	  a	  strong	  affinity	  for	  one	  particular	  
compound	   of	   bacterial	   membranes,	   the	   N-­‐acetylneuraminic	   acid	   involved	   in	   cell	   signalling	   and	  
pathogenicity	   (Otsuka	   et	   al.	   2003).	   It	   is	   possible	   that	   the	   interaction	   between	   N-­‐acetylneuraminic	  
acids	   and	   the	   grafted	   phenylboronic	   acids	   influence	   the	   cell	   signals	   and	   encourage	   the	   biofilm	   to	  
form	  multi-­‐layers,	   explaining	   the	  difference	  of	   thickness	  observed	   for	   biofilms	   growing	  on	  –B(OH)2	  
and	  unmodified	  electrodes.	  Beyond	  the	   thickness,	  Lapinsonnière	   (2013)	  noticed	  a	  difference	   in	   the	  
general	  aspect	  of	  the	  biofilm	  with	  the	  bacteria	  of	  the	  biofilm	  selected	  on	  modified	  electrodes	  being	  
predominantly	   oriented	   perpendicular	   to	   the	   surface	   and	   not	   horizontally	   as	   in	   biofilms	   from	  
unmodified	  electrodes.	  These	  differences	  in	  the	  orientation	  of	  bacteria	  were	  already	  reported	  in	  the	  
literature.	  A	  study	  of	  Rzhepishevska	  et	  al.	  (2013)	  showed	  that	  some	  negatively	  charged	  surfaces	  can	  
force	  the	  bacteria	  to	  adapt	  a	  vertical	  position	  to	  minimise	  their	  contact	  with	  the	  repulsive	  charges	  of	  
the	  electrode	  surface.	  	  
The	  results	  of	  the	  polyethyleneimine	  (PEI)	  modified	  electrode	  have	  to	  be	  discussed	  with	  care,	  as	  the	  
two	   replicate	   PEI	   communities	   had	   only	   20%	   similarity	   according	   to	   the	   similarity	   tree	   and	   their	  
turnover	  voltammograms	  were	  different.	  Therefore,	  even	  though	  the	  PEI	  modification	  did	  influence	  
the	   community	   structure	   of	   the	   selected	   biofilm,	   it	   did	   not	   consistently	   select	   for	   the	   same	  
community	   with	   the	   same	   electrochemical	   properties.	   Being	   aware	   of	   that,	   it	   seemed	   that	   the	  
biofilm	  associated	  with	  the	  polyethyleneimine	  (PEI)	  modified	  electrode	  had	  the	  longest	  start-­‐up	  time,	  
the	  lowest	  catalytic	  current	  and	  the	  highest	  internal	  resistance.	  These	  results	  are	  in	  accordance	  with	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the	   observations	   of	   Kramer	   et	   al.	   (2012),	   who	   showed	   that	   PEI	   did	   not	   facilitate	   increased	   power	  
output	  compare	  to	  an	  unmodified	  electrode.	  They	  explained	  their	  result	  by	  two	  possibilities:	  that	  the	  
biofilm	  formation	  was	  retarded	  by	  the	  PEI;	  or	  that	  the	  PEI	  prevented	  electron	  transfer	  to	  the	  anode.	  
The	  long	  start-­‐up	  time	  could	  result	  from	  steric	  hindrance	  due	  to	  the	  size	  of	  the	  PEI	  polymer	  limiting	  
the	  electron	  transfer	  from	  the	  bacteria	  to	  the	  electrode.	  It	  is	  also	  possible	  that	  the	  PEI	  polymer	  was	  
not	   a	   good	   conductor	   and	  may	   have	   reduced	   the	   electrode	   surface	   available	   for	   electron	   transfer	  
instead	  of	  expanding	  it.	  The	  idea	  of	  the	  polymer	  blocking	  the	  electrode	  surface	  or	  slowing	  down	  the	  
electron	  transfer	  is	  in	  accordance	  with	  the	  high	  internal	  resistance	  measured.	  The	  biofilm	  selected	  on	  
the	   PEI	  modified	   electrode	   had	   the	   lowest	   catalytic	   current,	  meaning	   that	   the	   catalysis	   of	   acetate	  
oxidation	  by	  the	  biofilm	  was	  not	  as	  efficient	  as	  for	  the	  other	  biofilms.	  The	  internal	  microbial	  oxidation	  
rate	  was	  limiting	  the	  current	  output,	  maybe	  due	  to	  specific	  physiology	  of	  the	  bacteria	  present	  in	  the	  
PEI	  biofilm.	  Moreover,	  the	  oxidation	  of	  acetate	  started	  at	  a	  higher	  potential	  than	  the	  other	  biofilms,	  
which	  had	  a	  midpoint	  potential	  of	  about	  -­‐0.4	  V	  against	  -­‐0.35	  V	  vs	  Ag/AgCl	  for	  the	  PEI	  biofilm.	  These	  
results	  suggested	  that	  the	  modification	  of	  electrode	  surface	  with	  PEI	  favoured	  a	  different	  pathway	  of	  
electronic	  transfer	  from	  the	  bacteria	  to	  the	  electrode,	  as	  the	  interfacial	  transfer	  of	  electrons	  seems	  
to	  occur	  at	  a	  higher	  potential	  than	  for	  the	  other	  electrode	  modifications.	  However,	  this	  pathway	  was	  
less	   efficient.	   Other	   researchers	   have	   observed	   a	   positive	   effect	   of	   polyethyleneimine	   (PEI)	   on	  
Pseudomonas	   aeruginosa	  mediated	   electron	   transfer	   process	   (Liu	   et	   al.	   2012a).	   They	   showed	   that	  
artificially	   perforating	   the	   outer-­‐membrane	   of	   P.	  aeruginosa	   with	   PEI	   signiﬁcantly	   enhanced	   the	  
mediated	  electron	  transfer	  of	  the	  bacteria	  (Liu	  et	  al.	  2012a).	  Given	  that	  the	  “Crater	  Rim”	  biofilm	  uses	  
a	   redox	   mediator,	   it	   would	   be	   interesting	   to	   grow	   the	   “Crater	   Rim”	   biofilm	   on	   a	   PEI	   modified	  
electrode	  to	  see	  if	  a	  higher	  current	  is	  obtained.	  
It	  was	  anticipated	  that	  the	  carboxylates	  groups	  grafted	  on	  each	  electrode	  would	  repulse	  negatively	  
charged	  bacteria	  due	  to	  their	  negative	  charge	  at	  pH	  7	  and	  so	  slow	  down	  the	  start-­‐up	  time	  or	  even	  the	  
current	  production	   (Picot	  et	  al.	  2011).	  However,	   the	  selected	  biofilm	  had	  a	  start-­‐up	  time	  similar	  or	  
even	   a	   bit	   faster	   than	   the	   –B(OH)2	   electrode,	   the	   third	   highest	   power	   density	   and	   the	   highest	  
catalytic	  current,	  meaning	  the	  electron	  transfer	  from	  the	  biofilm	  to	  the	  electrode	  was	  very	  efficient.	  
These	  results	  contradict	  those	  of	  Picot	  et	  al.	  (2011)	  who	  showed	  that	  a	  negatively	  charged	  electrode	  
surface	   led	   to	  a	  drop	  of	  power	  densities	   compared	   to	  an	  unmodified	  electrode.	  However,	  bacteria	  
poorly	   colonized	   their	   electrode	   modified	   with	   benzylcarboxylate	   groups.	   Picote	   et	   al.	   (2011)	  
explained	   their	   results	   by	   an	   electrostatic	   repulsion	   between	   the	   electrode	   surface	   and	   negatively	  
charged	  bacteria,	   such	  as	  Geobacter	   sp.	  Unlike	  Picot	  et	  al.	   (2011),	  Kuzume	  et	  al.	   (2013)	   found	   that	  
carboxyl	   groups	   interact	  with	   the	   outermost	   cytochromes	   of	  Geobacter	   sulfurreducens,	   facilitating	  
the	   heterogeneous	   electron	   transfer	   at	   the	   microorganism/electrode	   interface.	   In	   this	   study,	   the	  
affinity	  of	  –COOH	  groups	  for	  the	  outer-­‐membrane	  cytochromes	  would	  have	  facilitated	  the	  electron	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transfer	   from	   the	   biofilm	   to	   the	   electrode,	   keeping	   the	   internal	   resistance	   of	   the	   system	   low	   (270	  
Ohms).	  The	  –COOH	  modification	  also	  selected	  for	  bacteria	  with	  a	  high	  acetate	  oxidation	  rate,	  as	  the	  
COOH-­‐biofilm	   showed	   a	   higher	   catalytic	   current	   than	   the	   other	   biofilms.	   As	   for	   the	   –B(OH)2	  
modification,	  the	  –COOH	  biofilm	  was	  very	  viscous	  and	  difficult	  to	  pellet	  by	  centrifugation.	  The	  biofilm	  
secreted	   a	   large	   amount	   of	   exopolysaccharide,	   perhaps	   to	   counter	   the	   repulsion	   due	   to	   the	  
negatively	  charged	  electrode	  surface.	  It	  is	  also	  possible	  that	  the	  carboxyl	  groups	  favour	  the	  formation	  
of	  thick,	  multiple-­‐layer	  biofilms.	  
3.5 Conclusion	  
Geobacter	  psychrophilus	  was	  dominant	  in	  the	  three	  biofilms	  selected	  from	  inocula	  collected	  in	  very	  
different	   environments	   on	   electrodes	   poised	   at	   -­‐0.36	  V	   vs	   Ag/AgCl	   in	   MFC	   fed	   acetate	   medium.	  
G.	  psychrophillus	   might	   be	   much	   better	   at	   growing	   in	   MFCs	   in	   these	   conditions	   than	   any	   other	  
bacteria.	  These	  results	  imply	  that	  using	  different	  inocula	  to	  produce	  biofilms	  for	  different	  purposes	  is	  
hardly	  possible,	  providing	  further	  support	  for	  the	  importance	  of	  low	  anode	  potential	  MFCs	  as	  a	  viable	  
method	   for	   enriching	  Geobacter-­‐dominated	  biofilm	   from	   soil	   samples.	  However,	   the	   electro-­‐active	  
biofilms	  selected	  had	  different	  electrochemical	  properties,	  especially	  those	  derived	  from	  the	  dry	  soil,	  
which	   was	   considerably	   worse	   at	   producing	   current	   than	   the	   other	   two	   inocula.	   The	   low	   current	  
produced	  by	  the	  dry	  soil	  biofilm	  likely	  resulted	  from	  the	  presence	  of	  another	  unknown	  species	  than	  
Geobacter	  within	  the	  community	  respiring	  at	  the	  anode	  through	  the	  cycling	  of	  a	  redox	  mediator.	  	  
Although	  the	  electrode	  modifications	  did	  appear	  to	  change	  some	  of	  the	  electrochemical	  properties	  
of	  the	  biofilms,	  they	  did	  not	  alter	  the	  composition	  of	  the	  dominant	  taxa	  as	  all	  selected	  biofilms	  had	  
similar	  ARISA	  profiles.	   I	  would	  have	  expected	   the	  different	  polarity	  of	   the	   surface	  modifications	   to	  
influence	   the	   dominant	   communities	   with,	   for	   instance,	   shifts	   in	   Gram	   positives	   against	   Gram	  
negatives.	  However,	  obvious	  differences	  amongst	   the	  most	  dominant	  bacterial	   taxa	  were	  not	   seen	  
on	   the	  ARISA	  profiles,	   but	   there	  were	   consistent	   subtle	   changes	   in	   the	   communities	   selected	  with	  
different	  electrode	  modifications	  as	  shown	  by	  the	  similarity	  tree.	  Differences	  in	  the	  electrochemical	  
properties	  of	  the	  four	  biofilms	  could	  result	  from	  differences	  in	  the	  less	  common	  taxa.	  A	  physiological	  
adapation	   of	   the	   dominant	   community	   to	   the	   electrode	   surface	   modification	   may	   also	   have	  
contributed	  to	  electrochemical	  differences,	  with	  for	  example	  different	  orientations	  of	  the	  bacteria	  at	  
the	  electrode	  surface	  depending	  on	  its	  polarity,	  altering	  their	  microbial	  oxidation	  rates.	  	  
The	  modified	  electrodes	  generally	  had	  higher	  power	  densities	  and	  higher	  catalytic	  currents	  than	  was	  
typically	  seen	  with	  unmodified	  electrodes.	  This	   improved	  performance	  might	  be	  due	  to	  an	  increase	  
of	  the	  electrodes’	  hydrophilicity.	  However,	  this	  was	  not	  always	  the	  case	  as	  the	  PEI	  modified	  electrode	  
had	   a	   lower	   catalytic	   current	   in	   one	   experiment.	   Also,	   the	   catalytic	   current	   of	   COOH-­‐modified	  
electrodes,	   in	   experiments	   reported	   in	   chapter	  4,	   were	   similar	   to	   those	   typically	   seen	   with	   an	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unmodified	   electrode.	   This	   work	   suggests	   that	   it	   might	   be	   possible	   to	   use	   electrode	   surface	  
modification	  to	  develop	  more	  powerful	  anodic	  biofilms	  but	  the	  results	  are	  still	  unpredictable.	  These	  
results	   are	   promising	   and	   will	   be	   followed	   by	   research	   on	   the	   role	   and	   impact	   of	   electrode	  
modifications	   on	   the	   stability	   of	   anodic	   biofilms.	   In	   particular,	   the	   modifications	   leading	   to	   the	  
production	   of	   thicker	   biofilms	   entrapped	   in	   an	   exopolysaccharide	   matrix,	   such	   as	   the	   electrode	  
modified	  with	  –COOH	  or	  -­‐B(OH)2	  groups.	  The	  extracellular	  matrix	  may	  help	  protect	  the	  biofilm	  from	  
competing	  bacteria	  and	  the	  affinity	  of	   the	  biofilm	  for	   the	  group	  grafted	  on	  the	  electrode	  may	  help	  
retain	   the	   biofilm	   when	   the	   conditions	   become	   unfavourable.	   This	   is	   of	   importance	   to	   assure	   a	  
sustainable	  production	  of	  electricity	  in	  MFC	  but	  also	  for	  biosensing	  applications.	  
According	  to	  the	  results,	  the	  carboxyl	  groups	  seem	  to	  be	  the	  best	  option	  to	  investigate	  the	  stability	  of	  
the	  biofilm	  growing	  on	  the	  modified	  electrode.	   Indeed,	  the	  process	  of	  modification	  is	  easy	  and	  less	  
time	  and	  chemical	  consuming	  than	  for	  the	  boronic	  acid.	  Furthermore,	  the	  affinity	  of	  –COOH	  groups	  
for	   outer-­‐membrane	   cytochromes	   is	   likely	   to	   help	   retain	   Geobacter	   sp.	   on	   the	   electrode	   and	   so	  
maintain	  the	  production	  of	  current	  even	  in	  unfavourable	  conditions.	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Chapter	  4	  
Stability	  of	  Geobacter-­‐dominated	  
biofilms	  in	  microbial	  fuel	  cells	  treating	  
synthetic	  wastewater	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4.1 Introduction	  
The	   successional	   pattern	   of	   bacterial	   communities	   in	   microbial	   fuel	   cells	   (MFCs)	   has	   received	  
relatively	  little	  attention	  even	  though	  it	  may	  be	  an	  important	  factor	  for	  energy	  generation	  efficiency	  
and	  operational	  stability.	  Through	  their	  ability	  to	  directly	  transfer	  electrons	  to	  electrodes,	  Geobacter	  
sp.	  are	  key	  organisms	  for	  microbial	  fuel	  cell	  technology	  (Bonanni	  et	  al.	  2013,	  Bond	  and	  Lovley	  2003,	  
Kiely	   et	   al.	   2011b,	   Rabaey	   and	   Verstraete	   2005).	   Stringent	   conditions	   are	   necessary	   to	   select	  
Geobacter-­‐dominated	   biofilms	   on	   electrode	   surfaces	   from	   mixed	   communities	   of	   bacteria.	   These	  
conditions	   include	   low	  anode	  potential	   (e.g.	   -­‐0.36	  V	  vs	  Ag/AgCl),	  anaerobic	  conditions	  and	  minimal	  
medium	  with	  acetate	  as	  the	  sole	  carbon	  source	  (Commault	  et	  al.	  2013,	  Torres	  et	  al.	  2009).	  Unwanted	  
microorganisms	  such	  as	  fermentative	  bacteria,	  redox	  mediator-­‐producing	  bacteria	  and	  methanogens	  
have	   also	   to	   be	   excluded	   (Parameswaran	   et	   al.	   2009,	   Torres	   et	   al.	   2010).	   The	   presence	   of	  
fermentative	   bacteria	   and	   methanogens	   reduces	   the	   amount	   of	   current	   produced	   by	   diverting	  
electrons	   to	   other	   pathways	   (Parameswaran	   et	   al.	   2009).	   Additionally,	   a	   slow	   diffusive	   flux	   of	  
endogeneously	   secreted	   mediators	   limits	   current	   generation	   and	   results	   in	   high	   potential	   losses	  
(Torres	   et	   al.	   2010).	   Anodic	   biofilms	   dominated	   by	   Geobacter	   sp.	   have,	   therefore,	   high	   electron	  
transfer	   efficiencies,	   which	   are	   very	   desirable	   for	   bioelectrical	   applications	   including	   MFCs	   and	  
amperometric	  biosensors.	  However,	   in	  most	  environmentally-­‐realistic	  MFC	  applications,	  the	  biofilm	  
would	   usually	   have	   to	   operate	   under	   conditions	   that	   are	   far	   less	   stringent,	   such	   as	   in	  wastewater	  
(Chang	   et	   al.	   2004,	   Kim	   et	   al.	   2003,	   Liu	   et	   al.	   2013a).	   Biofilm	   communities	   are	   likely	   to	   be	   quite	  
dynamic,	  with	  shifts	  in	  dominance	  occurring	  over	  time	  from	  internal	  competition	  and	  by	  recruitment	  
from	   outside	   the	   biofilm	   (Besemer	   et	   al.	   2012,	   Lear	   et	   al.	   2008,	   Liu	   et	   al.	   2012b).	   The	   dynamic	  
succession	   occurring	   within	   these	   communities	   would	   probably	   be	   accelerated	   by	   changes	   from	  
stringent	   to	   more	   relaxed	   operating	   conditions.	   Consequently,	   a	   shift	   in	   the	   anode	   potential	   or	  
medium	   composition	   could	   cause	   changes	   in	   the	   community	   structure	   and	   electrochemical	  
properties	  of	  the	  original	  anode	  biofilms	  (Jung	  and	  Regan	  2011).	  
It	  seems	  likely	  that	  even	  if	  it	  is	  possible	  to	  initially	  colonize	  an	  anode	  with	  a	  high	  efficiency	  Geobacter-­‐
dominated	  biofilm,	  in	  most	  practical	  applications,	  the	  initial	  biofilm	  would	  quickly	  be	  replaced	  by	  one	  
better	   adapted	   to	   the	   new	   conditions.	   While	   better	   adapted,	   such	   biofilms	   may	   not	   transfer	  
electrons	   as	   efficiently	   to	   an	   electrode	   and	   such	  biofilm	   changes	   could	   compromise	   the	   functional	  
operation	  of	  the	  MFC.	  However,	   it	  might	  also	  be	  possible	  that	  an	  established	  Geobacter-­‐dominated	  
biofilm	  would	   be	   capable	   of	   competitive	   exclusion,	   blocking	   access	   to	   the	   anode	   surface	   by	   other	  
bacteria.	   Hence	   anode-­‐respiring	   bacteria	   not	   already	   established	   in	   the	   biofilm,	   even	   if	   they	  were	  
better	  adapted	  to	  the	  new	  conditions,	  would	  be	  at	  a	  competitive	  disadvantage	  compared	  to	  bacteria	  
already	   in	   contact	  with	   the	   anode.	   These	   “inhibitory	   priority	   effects”	   are	   known	   to	   strongly	   affect	  
diversity	  in	  ecosystems	  (Fukami	  2004).	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I	   investigated	  the	  stability	  of	  anodic	  biofilms	  dominated	  by	  Geobacter	   sp.,	  selected	  under	  stringent	  
conditions,	   in	   terms	   of	   constancy	   of	   community	   composition	   and	   electrochemical	   properties.	   The	  
Geobacter-­‐dominated	   biofilms	   were	   selected	   in	   microbial	   fuel	   cells	   (MFCs),	   which	   allow	   accurate	  
maintenance	   of	   set	   electrode	   potentials	   throughout	   the	   experiment,	   in	   either	   acetate	   or	   ethanol	  
minimal	   medium.	   Acetate	   is	   a	   well-­‐known	   electron	   donor	   for	   Geobacter	   biofilms	   as	   it	   is	   a	  
fermentation	   product,	   which	   can	   only	   be	   oxidized	   by	   cellular	   respiration	   or	   further	   fermented	   to	  
produce	   methane	   (CH4)	   and	   carbon	   dioxide	   by	   methanogenic	   archaea	   (Ferry	   1992,	   Torres	   et	   al.	  
2009).	   Ethanol	   is	   also	   a	   common	   fermentation	   product	   at	   neutral	   pH	   (Lee	   et	   al.	   2008b),	   and	   it	   is	  
usually	   fermented	   to	   acetate	   and	   hydrogen	   (H2)	   prior	   to	   electricity	   production	   from	   the	   anode-­‐
respiring	   bacteria	   (Kim	   et	   al.	   2007,	   Parameswaran	   et	   al.	   2009).	   Parameswaran	   et	   al.	   (2009)	  
demonstrated	   that	   when	   methanogenesis	   was	   allowed,	   H2	   was	   transform	   to	   CH4	   by	   H2-­‐oxidizing	  
Methanobacteriales,	   resulting	   in	   a	   coulombic	   efﬁciency	   of	   60%.	   By	   addition	   of	   50	  mM	   of	   2-­‐
bromoethane	   sulfonate	   (2-­‐BES),	   which	   inhibits	   methyl	   coenzyme	   reductases	  A	   activity	   in	   all	  
methanogens,	   the	   coulombic	   efficiency	   increased	   to	   84%	   and	   no	   CH4	   was	   observed.	   The	   anodic	  
biofilm	  selected	  on	  ethanol	  in	  methanogenesis-­‐suppressed	  conditions	  by	  Parameswaran	  et	  al.	  (2010)	  
was	   dominated	   by	   ethanol-­‐fermenting	   bacteria	   (largely	   Pelobacter),	   followed	   by	   anode-­‐respiring	  
bacteria	   such	   as	  Geobacter	   sp.,	   and	   then	   followed	  by	   homo-­‐acetogens	   (e.g.,	  Acetobacterium).	   The	  
homo-­‐acetogens	   are	   anaerobes	   able	   to	   convert	   a	   variety	   of	   different	   substrates	   to	   acetate	   as	   the	  
major	   end	   product.	   The	   presence	   of	   homo-­‐acetogens	   within	   a	   biofilm	   helps	   reduce	   the	   effect	   of	  
undesirable	  electron	   sinks,	   such	  as	  methanogenesis	   and	   improves	  overall	   electron	   recoveries	   from	  
fermentable	  substrates	  (Parameswaran	  et	  al.	  2010).	  Ethanol,	  while	  a	  suitable	  substrate	  for	  Geobacter	  
growth,	  might	  also	  allow	  the	  growth	  of	  a	  more	  diverse	  anodic	  biofilm	  with	  broader	  substrate	  usage	  
than	   is	   formed	   using	   acetate	   as	   the	   sole	   substrate.	   I	   anticipated	   that	   an	   exoelectrogenic	   ethanol-­‐
grown	   biofilm	  would	   be	   better	   adapted	   to	   change	   from	   a	  minimal	   to	   a	   complex	  medium	   such	   as	  
synthetic	   wastewater.	   The	   operational	   stability	   and	   adaptability	   of	   ethanol-­‐selected	   biofilms	   and	  
acetate-­‐selected	  biofilms	  were	  compared	  in	  this	  study.	  
Another	   strategy	   to	   improve	   the	   community	   and	   operational	   stability	   of	   Geobacter-­‐dominated	  
biofilms	   would	   be	   to	   increase	   the	   inhibitory	   priority	   effect.	   This	   could	   possibly	   be	   achieved	   by	  
increasing	   the	   bioactivity	   of	   the	   biofilm	   in	   terms	   of	   electricity	   generation	   to	   provide	   a	   metabolic	  
advantage	  to	  bacteria	  established	  on	  the	  electrode	  compared	  to	  bacteria	  invading	  from	  outside	  the	  
biofilm.	  A	  known	  method	   to	   improve	   the	  efficiency	  of	  anodic	   respiration	  consists	  of	  modifying	   the	  
electrode	  surface	  to	  improve	  the	  connection	  with	  the	  exoelectrogenic	  bacteria.	  It	  has	  been	  recently	  
discovered	  that	  grafting	  carboxyl	  groups	  on	  electrode	  surface	  provides	  biocompatible	  conditions	  for	  
the	   outermost	   cytochromes	   of	   Geobacter	   sulfurreducens,	   which	   facilitate	   the	   heterogeneous	  
electron	   transfer	   at	   the	   microorganism/electrode	   interface	   (Kuzume	   et	   al.	   2013).	   Kuzume	   et	   al.	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(2013)	  also	  demonstrated	  that	  carboxyl	  groups	  significantly	  promoted	  the	  surface	  immobilization	  of	  
G.	  sulfurreducens	  cells.	  In	  this	  study,	  some	  electrode	  surfaces	  were	  modified	  with	  carboxyl	  groups	  (-­‐
COOH)	  prior	  to	  selecting	  for	  Geobacter-­‐dominated	  biofilms	  in	  acetate	  medium.	  The	  community	  and	  
operational	  stability	  of	  the	  biofilms	  grown	  on	  modified	  electrodes	  was	  compared	  to	  the	  stability	  of	  
Geobacter-­‐dominated	  biofilms	  selected	  on	  unmodified	  electrodes.	  	  
After	  selection	   in	  ethanol	  or	  acetate	  medium	  on	  either	  –COOH	  modified	  or	  unmodified	  electrodes,	  
the	  Geobacter-­‐dominated	  biofilms	  were	  challenged	  with	  synthetic	  wastewater	  and	  fresh	  competing	  
bacteria	   in	  either	  MFC	  operated	  with	  an	  external	   resistance	  (air-­‐cathode	  MFC)	  or	   in	  the	  same	  MFC	  
than	   used	   for	   selection.	   Anodic	   community	   succession	   and	   electrochemical	   performance	   were	  
tracked	  over	  six	  weeks.	  	  
4.2 Methods	  
4.2.1 Electrode	  pre-­‐treatment	  
Graphite	   rod	   electrodes	   of	   5.81	   cm2	   surface	   area,	   4	  mm	   diameter	   (www.graphitestore.com)	  were	  
polished	  with	  fine	  sandpaper	  and	  rinsed	  with	  distilled	  water	  before	  use.	  
4.2.2 Carboxyl	  group	  (-­‐COOH)	  modification	  
Carboxyl	  groups	  were	  grafted	  onto	  six	  graphite	  rod	  electrodes	  as	  previously	  explained	  in	  Chapter	  3,	  
section	  3.2.1.	  
4.2.3 Community	  and	  performance	  stability	  of	  Geobacter-­‐dominated	  biofilms	  
when	  transferred	  to	  air-­‐cathode	  MFCs	  
The	  stablility	  of	  the	  Geobacter-­‐dominated	  biofilms	  selected	  at	  a	  fixed	  anode	  potential	  was	  tested	  by	  
relaxing	  the	  conditions	  for	  growth	  after	  transfer	  of	  the	  biofilms	  into	  air-­‐cathode	  MFCs.	  
The	   anode-­‐respiring	   biofilms	  were	   selected	   in	  MFCs	   using	   the	   “method	  2”	   described	   in	   Chapter	  2,	  
section	   2.2.3.	   The	  MFCs	  were	   inoculated	  with	   a	   50:50	  mixture	   of	  water-­‐saturated	   soil	   collected	   in	  
Lincoln	  (Christchurch,	  NZ)	  and	  acetate	  growth	  medium	  previously	  sparged	  with	  nitrogen	  (<10	  ppm	  of	  
O2)	  gas	  for	  10	  min.	  The	  anode	  potentials	  were	  maintained	  at	  -­‐0.36	  V	  and	  -­‐0.25	  V	  versus	  Ag/AgCl	  (two	  
replicates	  per	  poise)	  by	  means	  of	  a	  potentiostat,	  with	  one	  potential	  applied	  per	  MFC,	   to	  select	   for	  
Geobacter	   sp.	  using	  a	   three-­‐electrode	  arrangement	   (Commault	  et	   al.	   2013).	   The	   counter	  electrode	  
(carbon	  cloth,	  Fuel	  Cell	  Earth	  LLC,	  Ma,	  USA)	  was	  separated	  from	  the	  analyte	  by	  an	  Ultrex	  CMI-­‐7000	  
cation-­‐exchange	  membrane	  (Membranes	  International	  Inc.,	  NJ,	  USA)	  in	  a	  chamber	  containing	  0.1	  M	  
phosphate	   buffer	   (pH	   =	   7.5).	   The	   anode,	   a	   graphite	   rod	   of	   5.81	  cm2,	   was	   maintained	   at	   a	   fixed	  
potential	   by	   the	   same	   4-­‐channel	   potentiostat	   and	   software	   as	   described	   in	   section	  2.2.2.	   Current	  
measurements	   were	   made	   every	   10	   min.	   The	   biofilms	   were	   left	   to	   develop	   for	   approximately	   4	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Two	  replicates	  were	  set	  up	  per	  treatment	  (-­‐0.36	  V,	  -­‐0.25	  V	  and	  control)	  and	  analysed	  at	  week	  0	  and	  
week	   three.	   The	   analyses	   at	   week	   six	   were	   performed	   on	   one	   sample	   per	   treatment	   only,	   as	  
replicates	  were	  destroyed	  for	  population	  profiling	  at	  week	  zero	  and	  week	  three.	  
4.2.4 Community	  and	  performance	  stability	  of	  Geobacter-­‐dominated	  biofilms	  
tested	  in	  the	  same	  microbial	  fuel	  cell	  than	  used	  for	  the	  selection	  
Given	  the	  results	  of	  the	  stability	  test	  described	  above,	  I	  was	  concerned	  that	  the	  experimental	  set-­‐up	  
was	  exceptionally	  stressful	  (e.g.	  potential	  exposure	  to	  oxygen	  when	  transferring	  the	  biofilms	  from	  an	  
MFC	  to	  another,	  change	  in	  anode	  potentials	  or	  drop	  of	  the	  pH	  once	  in	  OECD	  medium).	  I	  thus	  decided	  
to	   change	  only	  one	  environmental	   parameter	   such	   as	   the	   carbon	   source	  with	   similar	   level	   of	   COD	  
than	   the	   selecting	   medium	   while	   keeping	   the	   same	   operating	   conditions.	   To	   get	   a	   better	  
understanding	  of	  what	  was	  happening	  at	  the	  biofilm	  scale,	  I	  decided	  to	  closely	  monitor	  parameters	  
such	  as	  the	  pH	  of	  the	  anolyte	  (as	  it	  is	  likely	  to	  drop	  if	  fermentation	  is	  induced)	  and	  the	  COD	  removal	  
trends.	  
A	   new	   experiment	   was	   then	   started	   including	   new	   strategies	   to	   retain	   the	  Geobacter-­‐dominated	  
biofilm.	  Eight	  MFCs	  were	  started	  in	  total.	  Three	  of	  them	  contained	  electrodes	  modified	  with	  carboxyl	  
groups	  fed	  with	  acetate	  and	  the	  three	  others	  contained	  unmodified	  electrodes	  fed	  with	  ethanol	  as	  
sole	  carbon	  source	   instead	  of	  acetate.	  The	   two	   last	  ones	  were	  set-­‐up	  as	  described	  above,	   i.e.	  with	  
unmodified	  electrodes	  and	  filled	  with	  acetate	  medium.	  Three	  different	  anode-­‐respiring	  biofilms	  were	  
then	   selected	   anaerobically	   at	   -­‐0.36	  V	   vs	   Ag/AgCl.	   The	   anode-­‐respiring	   biofilms	   selected	   on	  
unmodified	   graphite	   rods	   in	   minimal	   acetate	   medium	   are	   referred	   to	   as	   “UM-­‐AC”.	   The	   biofilms	  
selected	   on	   graphite	   rods	   modified	   with	   carboxylate	   groups	   in	   minimal	   acetate	   medium	   were	  
labelled	  “COOH-­‐AC”	  and	  the	  ones	  growing	  on	  graphite	  rods	  in	  minimal	  ethanol	  medium,	  “UM-­‐EtOH”.	  
Two	   replicates	   for	   UM-­‐AC	   and	   three	   replicates	   for	   COOH-­‐AC	   and	   UM-­‐EtOH	  were	   set-­‐up	  with	   two	  
electrodes	  per	  MFC.	  The	  acetate	  medium	  had	  the	  same	  composition	  and	  same	  COD	  as	  used	  for	  the	  
previous	   stability	   test	   (see	   section	   4.2.3	   above).	   The	   ethanol	   medium	   was	   the	   same	   as	   acetate	  
medium	  except	   that	   the	   sole	   carbon	   source	  was	  15	  mM	  of	  ethanol	  95%	   instead	  of	   acetate	  and	   its	  
COD	  was	  estimated	  at	  2077	  ±	  41	  mg/L.	  MFCs	  were	  operated	  in	  batch	  mode	  at	  21°C	  in	  the	  dark.	  After	  
4	  weeks	  of	  selection,	  the	  biofilms	  were	  fed	  with	  OECD	  synthetic	  wastewater	  diluted	  25-­‐fold	  (referred	  
as	  OECD4%,	  with	  a	  COD	  estimated	  at	  1328	  ±	  28	  mg/L)	   in	  phosphate	  buffer	   to	  control	   the	  pH.	  They	  
were	  kept	  in	  MFCs	  at	  the	  same	  anode	  potential	  as	  the	  potential	  of	  selection	  (i.e.,	  -­‐0.36	  V	  vs	  Ag/AgCl).	  
Volatile	   fatty	  acids,	  COD	  removal,	  pH,	  power	  density,	   catalytic	  current	  and	  community	  structure	  of	  
the	  biofilms	  were	  monitored	  throughout	  the	  6-­‐week	  experiment.	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4.2.5 Volatile	  fatty	  acids	  analysis	  
During	   feeding	   processes,	   10	  mL	   of	   effluents	   were	   collected	   from	   each	   MFC	   and	   the	   pH	   was	  
measured.	  The	  effluents	  were	  filter	  sterilized	  and	  frozen	  at	  -­‐20°C	  prior	  to	  analysing	  their	  content	  of	  
volatile	  fatty	  acids	  such	  as	  acetic	  acid,	  propanoic	  acid,	  butyric	  acid,	   iso-­‐butyric	  acid,	  valeric	  acid	  and	  
iso-­‐valeric	  acid.	  Short	  chain,	  volatile	  fatty	  acids	  were	  analysed	  in	  the	  free	  form	  using	  specialized	  gas	  
chromatography	   (GC)	   columns.	   100	  µl	   of	   sample	   were	   mixed	   with	   20	  µl	   of	   internal	   standard	   (2-­‐
methylvaleric	  acid	  10	  mM)	  and	  40	  µl	  of	  metaphosphoric	  acid,	  vortexed	  and	  let	  stand	  in	  the	  fridge	  for	  
at	  least	  30	  min.	  Samples	  and	  standards	  were	  diluted	  10	  times	  with	  50:50	  (vol/vol)	  acetone	  and	  water	  
into	  GC	  vials	  before	  analysis.	   They	  were	   then	   centrifuged	  at	  13,000	  rpm	   for	  15	  min	  at	  4°C,	   filtered	  
through	   a	   0.22	  µm	  nylon	   syringe	   filter	   and	   1.0	  µl	  was	   injected	   onto	   a	   SGE	  BP21	   (30	  m	   x	   530	  µm	   x	  
1.0	  µm)	  wide-­‐bore	  capillary	  column	  (SGE	  Analytical	  Science	  Pty	  Ltd,	  Australia)	  using	  an	  auto-­‐sampler	  
fitted	  to	  a	  Shimadzu	  GC-­‐2010	  gas	  chromatograph	  (Shimadzu	  Corporation,	  Japan).	  A	  set	  of	  calibration	  
standards	   was	   placed	   at	   the	   beginning	   and	   end	   of	   each	   analytical	   run	   for	   quantification	   and	   to	  
compensate	  for	  losses	  and	  variations	  accumulated	  during	  analysis.	  
4.2.6 Chemical	  Oxygen	  Demand	  (COD)	  measurement	  
The	  chemical	  oxygen	  demand	   (COD)	  was	  measured	  after	  sterile	   filtration	  of	   the	  MFCs	  effluents,	   so	  
that	  all	   the	  carbon	   in	  the	  medium	  excluding	  all	   the	  bacterial	  biomass	  was	  estimated.	  The	  COD	  was	  
determined	  by	  using	  a	  close	  reflux	  colorimetric	  method	  (method	  800,	  HACH	  pacific,	  NZ).	  The	  samples	  
were	  added	   to	  High	  Range	  COD	  Digestion	  vials	   (20	   to	  1500	  mg/L,	  HACH	  pacific,	  NZ)	  and	  heated	  at	  
150°C	  using	  a	  HACH	  COD	  reactor.	  The	  COD	  was	  measured	  with	  a	  HACH	  DR2800	  spectrophotometer	  
using	   the	  program	  435	   for	  High	   range	  COD	   (20	   to	  1500	  mg/L).	   The	  COD	   removal	   efficiencies	  were	  
then	  determined	  as	  the	  ratio	  of	  the	  measured	  COD	  at	  a	  given	  time	  (CODf)	  to	  the	   initial	  COD	  values	  
(CODi)	  of	  the	  corresponding	  medium:	  




With	  CODi	  being	  1458	  mg/L	  for	  acetate	  medium,	  2077	  mg/L	  for	  ethanol	  medium	  and	  1328	  mg/L	  for	  
OECD4%.	  
4.2.7 Coulombic	  efficiency	  estimation	  
The	  coulombic	  efficiency	  (CE)	  is	  the	  percentage	  of	  the	  electrons	  captured	  as	  electric	  current	  over	  the	  
number	  of	  electrons	  available	  if	  all	  the	  substrate	  was	  oxidized.	  The	  number	  of	  electrons	  captured	  as	  
electric	  current	  was	  estimated	  from	  the	  charge	  transferred	  to	  the	  electrode	  (in	  Coulombs)	  42	  hours	  
after	  feeding.	  The	  number	  of	  electrons	  available	  was	  estimated	  from	  the	  COD	  values	  of	  the	  different	  
medium	  (acetate,	  ethanol	  and	  OECD4%).	  The	  COD	  is	  expressed	  in	  mg	  of	  oxygen	  per	  liter	  of	  medium.	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Given	  that	  4	  electrons	  are	  needed	  to	  reduce	  one	  molecule	  of	  oxygen,	  the	  total	  number	  of	  electrons	  
available	   in	   the	   50	  mL	   of	   medium	   introduced	   during	   the	   feeding	   process	   can	   be	   determined	   as	  
followed:	  
Total	  number	  of	  electrons	  =   
!"#
!!!!
×𝒩𝒩!×4 ÷ 20	  
Where,	   COD	   is	   the	   COD	   value	   of	   the	   medium,	   MM02	   the	   molecular	   mass	   of	   dioxygen	   (i.e.,	  
31.998	  g/mol)	  and	  𝒩𝒩!	  the	  Avogadro’s	  constant.	  Division	  by	  20	  is	  necessary	  to	  relate	  the	  number	  of	  
electrons	  per	  liter	  to	  50	  mL	  of	  medium.	  
Therefore,	   the	   complete	   oxidation	   of	   50	  mL	   of	   OECD4%	   releases	   5.0	  x	  1021	   electrons,	   against	  
5.5	  x	  1021	  electrons	  and	  7.8	  x	  1021	  electrons	  for	  50	  mL	  of	  acetate	  and	  ethanol	  medium,	  respectively.	  	  
4.2.8 Protein	  analysis	  
Prior	   to	   protein	   analysis	   and	   DNA	   extraction,	   anodes	   were	   gently	   rinsed	   in	   sterile	   water	   and	   the	  
biofilms	  were	  scraped	  off	  the	  electrodes	  using	  a	  sterile	  spatula.	  Two	  thirds	  of	  the	  cells	  were	  stored	  in	  
10	  mM	  Tris-­‐HCl	  pH	  8.0	  at	  -­‐20°C	  for	  DNA	  extraction.	  The	  last	  third	  was	  re-­‐suspended	  in	  1	  mL	  of	  NaOH	  
1	  M,	  vortexed	  for	  5	  sec	  and	  frozen	  at	  -­‐20°C	  for	  protein	  analysis.	  The	  samples	  were	  thawed	  at	  37°C,	  
vortexed	   for	  5	  sec	  and	   frozen	  again	  at	   -­‐20°C.	  The	   last	   step	  of	   thawing	  was	  performed	  at	  100°C	   for	  
10	  min	  to	  break	  down	  the	  cells	  and	  free	  the	  proteins	  (Ishii	  et	  al.	  2008).	  Once	  cooled,	  samples	  were	  
vortexed	   for	   5	  sec	   and	   the	   protein	   content	   was	   analysed	   using	   the	   bicinchoninic	   acid	   method	  
(PierceTM	  BCA	  protein	  assay	  kit,	  Thermo	  Scientific,	  IL,	  USA).	  	  
4.2.9 DNA	  extraction	  
DNA	  was	  extracted	  using	  an	  UltraCleanTM	  Soil	  DNA	  Isolation	  kit	  (MO	  Bio	  Laboratories	  Inc.,	  CA,	  USA).	  
The	  extracted	  DNA	  was	  quantified	  by	  spectrophotometry	   (NanoDrop®	  ND-­‐1000)	  and	   its	  quality	  was	  
examined	  by	  electrophoresis	  on	  0.7%	  agarose	  gel.	  The	  DNA	  extracts	  were	   then	  stored	  at	   -­‐20°C	   for	  
further	  analyses.	  	  
4.2.10 Population	  profiling:	  Automated	  Ribosomal	  Intergenic	  Spacer	  Analysis	  
(ARISA)	  
ARISA	   of	   bacterial	   DNA	   was	   performed	   as	   previously	   described	   in	   Chapter	  2,	   section	   2.2.7.	   The	  
number	  of	  peaks	  in	  each	  ARISA	  profile	  was	  counted	  using	  excel	  as	  peaks	  with	  the	  lowest	  fluorescence	  
intensity	  could	  be	  hard	  to	  see	  on	  the	  electropherogram.	  The	  results	  were	  visualised	  in	  GeneMapper	  
software	  (version	  3.7,	  Applied	  Biosystems	  Ltd.)	  and	  processed	  in	  Excel.	  The	  similarities	  between	  the	  
bacterial	   community	   data	   among	   samples	   were	   compared	   using	   a	   Bray-­‐Curtis	   similarity	   matrix	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(Legendre	   and	   Legendre	   1998)	   and	   visualised	   in	   PRIMER6	   software	   (version	   6.1.12,	   Primer-­‐E	   Ltd.,	  
Plymouth,	  UK)	  (Commault	  et	  al.	  2013,	  Lear	  et	  al.	  2008).	  
4.2.11 Electrochemical	  analysis	  	  
The	  power	  curves	  were	  performed	  using	  the	  potentiostat	  by	  coupling	  the	  reference	  electrode	  with	  
the	   counter	   electrode	   and	   poising	   the	   anode	   versus	   the	   counter/reference	   electrode.	   The	   current	  
generated	   by	   the	   system	   was	   recorded	   starting	   from	   an	   open	   circuit	   potential	   and	   reducing	   the	  
potential	  by	  10%	  every	  5	  min.	  Ten	  measurements	  were	  required.	  Cyclic	  voltammetry	  was	  performed	  
at	   1	  mV/s	   in	   turnover	   conditions	   and	   at	   25	  mV/s	   in	   non-­‐turnover	   conditions	   at	   potentials	   ranging	  
from	  -­‐0.6	  V	  to	  0.1	  V	  vs	  Ag/AgCl.	  
4.2.12 Statistical	  analysis	  
Welch’s	  t-­‐tests	  were	  calculated	  using	  the	  excel	  function	  (T.TEST).	  Two-­‐tailed	  t-­‐tests	  were	  performed	  
assuming	  unequal	  variance.	  Welch’s	  t-­‐test	  is	  an	  adaptation	  of	  Student's	  t-­‐test	  intended	  for	  use	  with	  
two	  samples	  having	  possibly	  unequal	  variances.	  The	  two-­‐tailed	  test	  was	  used	  here	  to	  know	  if	  one	  of	  
the	  three	  treatments	  (i.e.,	  selection	  on	  ethanol	  or	  acetate	  medium	  or	  presence	  of	  -­‐COOH	  groups	  at	  
the	   electrode	   surface)	   significantly	   increased	   the	   community	   stability	   and	   current	   performance	  
stability	  of	  Geobacter-­‐dominated	  biofilm	  compared	  to	  the	  two	  others.	  At	  p	  <	  0.05,	  I	   interpreted	  the	  
data	  as	  being	  significantly	  different.	  
4.3 Results	  
4.3.1 Community	  and	  performance	  stability	  of	  Geobacter-­‐dominated	  biofilms	  
when	  transferred	  to	  air-­‐cathode	  microbial	  fuel	  cells	  
Electropherograms	  of	   the	  biofilm	   communities	   selected	  at	   -­‐0.36	  V	   and	   -­‐0.25	  V	   vs	  Ag/AgCl	   sampled	  
immediately	  after	  selection	  indicated	  low	  taxon	  richness	  as	  no	  more	  than	  10	  taxa	  were	  observed	  per	  
biofilm	   (Figure	  4.2	   a,b).	   The	   peaks	   at	   679	  bp	   and	   619	  bp	   shown	   on	   the	   electropherograms	  
presumptively	   correlated	   to	   the	   presence	   of	   two	  different	   strains	   of	  Geobacter	   psychrophilus,	   and	  
the	   different	   potentials	   applied	   to	   the	   electrodes	   selected	   for	   one	   or	   the	   other,	   as	   previously	  
described	  in	  Chapter	  2	  (Figure	  2.5).	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at	   619	  bp	   was	   still	   present	   in	   the	   -­‐0.25	  V	   biofilm	   with	   an	   RFI	   of	   3%,	   showing	   that	   the	   dominant	  
species	   at	   week	  0	   was	   still	   present	   in	   the	   biofilm	   after	   6	   weeks	   in	   OECD	   supplemented	   with	  
competing	  bacteria	  (Figure	  4.2e,f).	  The	  peak	  at	  845	  bp,	  also	  present	  at	  week	  3,	  was	  dominant	  with	  an	  
RFI	   of	   27%.	   The	   dominant	   Geobacter	   species	   in	   -­‐0.36	  V	   biofilm	   at	   week	  0,	   which	   had	   almost	  
disappeared	   in	   the	   first	   replicate	   of	   -­‐0.36	  V	   biofilm	   at	   week	  3,	   was	   still	   dominant	   in	   the	   second	  
replicate	  of	  -­‐0.36	  V	  biofilm	  after	  6	  weeks,	  with	  an	  RFI	  of	  24%	  at	  679	  bp.	  It	  appears	  that	  one	  of	  the	  two	  
replicates	   of	   -­‐0.36	  V	   biofilm	   better	   resisted	   displacement	   by	   competing	   bacteria	   than	   the	   other	   -­‐
0.36	  V	  biofilm.	  	  
Most	  of	  new	  taxa	  that	  appeared	  between	  week	  0	  and	  week	  6	  were	  common	  to	  -­‐0.25	  V	  and	  -­‐0.36	  V	  
biofilms,	  as	  both	  of	  their	  ARISA	  profiles	  showed	  new	  dominant	  peaks	  at	  about	  390	  bp,	  760	  bp,	  783	  bp	  
and	  845	  bp.	  The	  community	  structures	  of	  the	  two	  biofilms	  seemed	  to	  undergo	  the	  same	  changes	  and	  
slowly	  converge	  to	  become	  similar	  microbial	  populations.	  	  
The	  changes	  in	  the	  community	  structure	  altered	  the	  electrochemical	  properties	  of	  -­‐0.25	  and	  -­‐0.36	  V	  
bioﬁlms	  as	  shown	  on	  Figure	  4.3.	  The	  voltammetric	  curves	  of	  the	  bioﬁlms	  after	  selection	  at	  week	  0	  in	  
OECD	   had	   a	   sigmoidal	   shape	   with	   an	   inﬂection	   point	   at	   a	   potential	   of	   -­‐0.43	  V,	   typical	   of	   acetate	  
oxidation	  involving	  Geobacter	  sp.	  (Fricke	  et	  al.	  2008).	  That	  is	  consistent	  with	  the	  sequencing	  results	  
of	  Chapter	  2	  supporting	  our	  assertion	  that	   the	  bioﬁlms	  selected	  with	  the	  Method	  2	  are	   likely	   to	  be	  
dominated	   by	  Geobacter	   sp.	   The	   pattern	   of	   “discharge”	   of	   the	   biofilm	   discussed	   in	   Chapter	  2	  was	  
observed	  again	  on	  the	  -­‐0.25	  V	  biofilm.	  However,	  the	  voltammograms	  flattened	  over	  the	  course	  of	  the	  
experiment,	   showing	   a	   loss	   of	   the	   electron	   transfer	   abilities	   of	   the	  Geobacter-­‐dominated	   biofilms.	  
This	   loss	  appears	  to	  be	  out	  of	  proportion	  to	  the	  partial	   loss	  of	  Geobacter	   sp.	  dominance	   inside	  the	  
biofilms	   as	   observed	   from	   the	   ARISA	   profiles.	   At	   the	   end	   of	   the	   experiment,	   OECD	   medium	   was	  
replaced	   by	   fresh	   acetate	   medium.	   After	   a	   recovery	   period	   of	   1h30,	   cyclic	   voltammograms	   were	  
performed	   again	   on	   the	   -­‐0.36	  V	   and	   -­‐0.25	  V	   biofilms,	   but	   no	   improvement	   of	   the	   biofilms’	  
electrochemical	   properties	   was	   noticed.	   The	   flattening	   of	   voltammograms	   was	   not	   reversible	   by	  
changing	  the	  substrate.	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replacement.	   Finally,	   the	   OECD	   medium	   tested	   was	   diluted	   and	   buffered	   to	   match	   the	   COD	  
concentrations	  of	  the	  selecting	  medium	  and	  avoid	  any	  pH	  drop.	  
	   Population	  profiling	  
After	  4	  weeks	  of	  selection,	  all	  three	  types	  of	  biofilms	  (UM-­‐AC,	  UM-­‐EtOH	  and	  COOH-­‐AC)	  differed	  from	  
the	  inoculum	  bacterial	  community	  (Figure	  4.4).	  Their	  ARISA	  profiles	  were	  all	  similar	  with	  the	  typical	  
peaks	   previously	   observed	   in	   Geobacter-­‐dominated	   biofilms	   selected	   at	   -­‐0.36	  V	   vs	   Ag/AgCl	   (i.e.,	  
peaks	  at	  619	  bp,	  633	  bp,	  679	  bp	  and	  703	  bp)	  (Figure	  4.2).	  The	  UM-­‐EtOH	  biofilms	  showed	  the	  highest	  
taxon	  richness	  with	  13	  peaks	  counted	  against	  9	  for	  UM-­‐AC	  and	  COOH-­‐AC	  biofilms.	  For	  comparison,	  
the	  electropherogram	  of	  the	  inoculum	  displayed	  21	  peaks.	  	  
After	   six	   weeks	   in	   OECD4%	   supplemented	   with	   competing	   bacteria	   the	   taxon	   richness	   was	   little	  
changed	  with	  9	  peaks	  counted	   in	  UM-­‐AC	  biofilm	  electropherogram	  and	  11	  peaks	  for	  UM-­‐EtOH	  and	  
COOH-­‐AC	  biofilms.	  This	  is	  a	  major	  departure	  from	  the	  previous	  stability	  test	  where	  the	  taxon	  richness	  
of	  the	  biofilms	  after	  6	  weeks	  in	  MFCs	  was	  about	  ten	  times	  the	  taxon	  richness	  at	  the	  beginning.	  	  
The	  Bray	  Curtis	   similarity	   tree	   in	   Figure	  4.5	   shows	   the	   similarity	  between	   the	  different	  biofilms.	  At	  
week	  0,	  the	  two	  UM-­‐AC	  biofilms,	  three	  COOH-­‐AC	  biofilms	  and	  three	  UM-­‐EtOH	  biofilms	  were	  divided	  
into	   three	   distinct	   groups	   demonstrating	   that	   the	   three	   treatments	   selected	   for	   different	  
communities.	  However,	  the	  COOH-­‐AC	  biofilm	  consistently	  differed	  from	  the	  UM-­‐AC	  biofilm	  only	  on	  
the	  sub-­‐dominant	  communities	  as	   their	  ARISA	  profiles	  appear	   similar	   (Figure	  4.4),	  but	   they	  are	  still	  
distinct	  enough	  to	  not	  be	  grouped	  together	  on	  the	  similarity	  tree	  (Figure	  4.5).	  These	  observations	  are	  
consistent	   with	   the	   findings	   in	   Chapter	  3.	   Furthermore,	   the	   UM-­‐AC	   and	   COOH-­‐AC	   community	  
structures	  are	  more	  similar	   to	  each	  other	   than	  to	   the	  UM-­‐EtOH	  biofilm	  communities.	  The	  disparity	  
between	   the	   biofilms	   remained	   intact	   until	   the	   end	   of	   the	   experiment,	   suggesting	   that	   the	   initial	  
bacterial	  communities	  did	  not	  undergo	  much	  change	  during	  the	  6	  weeks	  in	  OECD4%	  (Figure	  4.5).	  The	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15	  mM	   initially	   present	   (Figure	  4.7a).	   The	   newly	   selected	   UM-­‐AC	   and	   COOH-­‐AC	   biofilms	   had	  
consumed	  more	   than	  half	  of	   the	  acetate	  present	   in	   the	  medium	   three	  days	  after	   feeding	   (week	  0,	  
Figure	  4.7b,c).	  The	  fresh	  ethanol	  medium	  initially	  contained	  0.43	  mM	  of	  acetate,	  but	  at	  week	  0,	  three	  
days	   after	   feeding,	   the	   concentration	   of	   acetate	   in	   the	   UM-­‐EtOH	   effluents	   had	   quadrupled	  
(1.71	  mM),	   suggesting	   that	   the	   UM-­‐EtOH	   biofilm	   was	   producing	   acetate	   from	   anaerobic	  
fermentation	  of	  ethanol	   (Figure	  4.7d).	  UM-­‐EtOH	  biofilm	  also	  produces	  propanoic	  acid	  from	  ethanol	  
fermentation.	  	  
Once	   fed	   OECD4%,	   the	   three	   biofilms	   were	   able	   to	   produce	   acetate	   (the	   initial	   concentration	   of	  
acetate	  in	  OECD4%	  was	  0.13	  mM).	  At	  week	  3,	  the	  UM-­‐EtOH	  biofilm	  was	  producing	  a	  higher	  amount	  
of	  acetate	  than	  the	  two	  other	  biofilms	  (Figures	  4.7b,c,d).	  Other	  VFAs	  (such	  as	  butyric	  acid,	  iso-­‐butyric	  
acid,	   valeric	   acid	   and	   iso-­‐valeric	   acid)	   were	   also	   produced	   by	   the	   biofilms	   through	   anaerobic	  
fermentation	   of	   the	   OECD.	   The	   concentrations	   of	   VFA	   detected	   at	   week	  6	   were	   smaller	   than	   at	  
week	  3,	  possibly	  due	  to	  increased	  consumption	  of	  the	  VFA	  produced	  by	  the	  biofilms,	  indicating	  that	  
they	  adapted	  to	  OECD	  and	  there	  was	  no	  accumulation	  of	  inhibitory	  VFA	  detected.	  	  
The	  six	  weeks	  in	  OECD4%	  did	  not	  seem	  to	  affect	  the	  metabolism	  of	  the	  biofilms	  as	  they	  were	  able	  to	  
catabolise	  the	  substrate	  of	  their	  respective	  selective	  medium	  (acetate	  or	  ethanol)	  with	  the	  same,	  or	  
even	  greater,	  efficiency	  at	  week	  7	  than	  at	  week	  0	  (week	  7,	  Figure	  4.7b,c,d).	  The	  UM-­‐EtOH	  biofilm	  was	  
still	  producing	  acetate	  and	  propanoic	  acid	  from	  ethanol	  fermentation.	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biofilms	   in	   ethanol	  medium	  was	   significantly	   lower	   than	   the	   CE	   of	   biofilms	   in	   acetate	  medium	   at	  
weeks	  0	  and	  7	  (Figure	  4.8).	  However,	  the	  CEs	  in	  the	  presence	  of	  acetate	  and	  ethanol	  were	  very	  low	  
(less	  than	  16%)	  compared	  to	  the	  CEs	  reported	  in	  the	  literature	  when	  using	  acetate	  as	  the	  sole	  carbon	  
source	   (CEs	   ranging	   from	   65%	   to	   84%)(Liu	   et	   al.	   2005,	  Min	   and	   Logan	   2004,	   Rabaey	   et	   al.	   2005b,	  
Torres	  et	  al.	  2007).	  It	  is	  possible	  that	  the	  COD	  of	  the	  acetate	  and	  ethanol	  media	  was	  over-­‐estimated,	  
leading	   to	   an	   over-­‐estimation	   of	   the	   total	   number	   of	   electrons	   present	   in	   the	   medium.	   Once	   in	  
OECD4%,	  all	  biofilms	  had	  similar	  CEs,	  which	  were	  close	  to	  the	  CEs	  reported	  in	  literature	  when	  using	  
glucose	   (i.e.,	   14–20%)	   (Liu	   and	   Logan	   2004,	  Min	   and	   Logan	   2004)	   and	   higher	   than	   the	   CEs	   of	   8%	  
usually	  measured	  with	  wastewater	  (Min	  et	  al.	  2005).	  	  
	   Electrochemical	  analysis	  	  
Changes	   in	  community	  structure	  and	  biomass	  often	  affect	   the	  biofilms’	  electrochemical	  properties.	  
Power	   curves	   and	   cyclic	   voltammetry	  were	   performed	   throughout	   the	   experiment	   to	  monitor	   the	  
biofilm	  efficiency	  at	  producing	  current.	  	  
No	  significant	  difference	  in	  the	  maximal	  power	  densities	  was	  observed	  between	  samples	  (Figure	  4.9).	  
The	  three	  types	  of	  biofilms	  were	  producing	  similar	  amounts	  of	  power	  and	  they	  all	  followed	  the	  same	  
trend	  overtime.	  The	  power	  densities	  of	  all	   the	  biofilms	   increased	  after	   two	  weeks	   in	  OECD4%.	  The	  
power	  densities	  produced	  by	  the	  biofilms	  after	  6	  weeks	   in	  OECD4%	  was	  not	   lower	  than	  the	  power	  
densities	  delivered	  by	   the	  same	  biofilms	  at	  week	  0	   (after	  selection).	  This	   suggests	   that	   the	  biofilms	  
perfectly	  adapted	  to	  the	  new	  medium.	  Even	  though	  this	  new	  medium	  was	  more	  complex	  than	  the	  
minimal	   acetate	   or	   ethanol	   medium	   used	   for	   selection,	   the	   biofilms	   were	   able	   to	   efficiently	  
metabolize	  it	  and	  exploit	  the	  high	  level	  of	  energy	  it	  contained	  to	  boost	  power	  production.	  	  
The	  biofilms	  maintained	  a	  high	  power	  density	  once	  returned	  to	  their	  respective	  medium	  at	  the	  end	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(Torres	   et	   al.	   2008b).	   The	   results	   showed	   that	   the	   structure	   of	   the	   -­‐0.25	  V	   and	   -­‐0.36	  V	   biofilms	  
changed	   considerably	   during	   the	   first	   3	   weeks	   in	   OECD	   medium	   supplemented	   with	   competing	  
bacteria,	   but	   then	   suffered	   only	  minor	   changes	   during	   the	   last	   3	  weeks	   of	   the	   experiment	   (taxon	  
richness	  ten	  times	  higher	  between	  week	  0	  and	  week	  3	  and	  then	  unchanged	  between	  week	  3	  and	  6).	  
It	  has	  already	  been	  observed	  that	  environmental	  stresses	  have	  important	  influences	  on	  successional	  
trajectories	  in	  earlier	  stages	  of	  biofilm	  succession	  (Sigler	  et	  al.	  2002).	  
The	   community	   structures	   of	   the	   two	   biofilms	   seemed	   to	   slowly	   converge	   to	   the	   same	  microbial	  
population	   after	   six	   weeks,	   with	   the	   same	   new	   dominant	   peaks	   appearing	   on	   their	   ARISA	  
electropherograms.	  Massol-­‐Deya	  et	  al.	  (1997)	  observed	  the	  same	  convergence	  of	  communities	  from	  
three	  different	  starting	  conditions	  in	  fluidized	  bed	  reactors	  after	  challenging	  the	  steady-­‐state	  biofilms	  
by	  groundwater	  strains.	  The	  changes	  in	  the	  -­‐0.25	  V	  and	  -­‐0.36	  V	  biofilm	  communities	  might	  be	  due	  to	  
changes	   in	  medium	  richness	  and	  complexity,	  changes	   in	  anode	  potential,	  other	  changes	  associated	  
with	  being	   in	  MFCs	  operated	  with	  an	  external	   resistance	   rather	   than	  held	  at	  a	   fixed	  potential	  or	  a	  
combination	   of	   factors.	   The	   gradual	   changes	   in	   community	   structure	   did	   not	   result	   in	   any	   loss	   of	  
dominance	   of	  Geobacter	   from	   all	   the	   biofilms	   according	   to	   DNA	   profiles,	   but	   there	   was	   a	   major	  
change	  in	  the	  electrochemical	  properties	  of	  the	  Geobacter-­‐dominated	  biofilms	  as	  measured	  by	  cyclic	  
voltammetry.	   The	   drop	   in	   catalytic	   current	   was	   too	   sudden	   to	   be	   due	   to	   changes	   in	   biofilm	  
community	   composition	   and	   it	   is	   possible	   that	   the	   biofilms	   dominated	   by	  Geobacter	   sp.	   suffered	  
from	  a	  drop	  of	  pH	  due	  to	  fermentation	  of	  the	  OECD	  medium	  as	  the	  OECD	  medium	  was	  not	  buffered.	  
The	  flattening	  of	  voltammograms	  was	  not	  reversible	  by	  changing	  the	  substrate.	  It	  is	  possible	  that	  the	  
addition	   of	   new	   bacteria	   to	   the	   biofilm,	   or	   growth	   of	   non-­‐Geobacter	   bacteria	   within	   the	   biofilm,	  
altered	   the	   physical	   and	   chemical	   properties	   of	   the	   biofilm	   such	   as	   pH	   and	   substrate	   penetration,	  
leading	  to	  suppression	  of	  Geobacter	  activity.	  It	  is	  also	  possible	  that	  the	  Geobacter	  detected	  by	  DNA-­‐
based	  methods	  (peaks	  at	  619	  bp	  and	  679	  bp	  on	  ARISA	  profiles),	  were	  no	  longer	  metabolically	  active.	  
To	  exclude	  the	  effect	  of	  pH	  or	  stress	  caused	  by	  the	  transfer	  from	  fixed	  anode	  potential	  MFC	  to	  1	  kΩ	  
resistance	   MFC	   on	   the	   community	   and	   operational	   stability	   of	   the	   Geobacter-­‐dominated	   biofilm,	  
another	   experiment	   was	   performed.	   In	   this	   new	   experiment,	   the	   pre-­‐grown	   biofilm	   was	   only	  
challenged	   by	   changing	   the	   carbon	   source	   to	   a	   buffered	  OECD	  medium	  diluted	   to	  match	   the	   COD	  
concentration	   of	   the	   selective	   medium,	   while	   keeping	   the	   same	   reactor	   operating	   conditions.	   In	  
these	   conditions,	   the	  Geobacter-­‐dominated	   biofilm	   better	   resisted	   replacement.	   For	   instance,	   the	  
COOH-­‐AC	  and	  UM-­‐AC	  biofilms	  at	  week	  6	  were	  still	  similar	  at	  more	  than	  80%	  to	  their	  corresponding	  
biofilms	   at	  week	  0	   (Table	  4.1).	   The	   taxon	   richness	   of	   the	   three	   types	   of	   biofilms	   after	   six	  weeks	   in	  
OECD4%	  was	  similar	  to	  the	  taxon	  richness	  of	  the	  biofilms	  after	  selection,	  with	  the	  UM-­‐EtOH	  biofilms	  
having	  the	  highest	  taxon	  richness.	  This	  is	  consistent	  with	  the	  idea	  that	  ethanol	  medium	  would	  select	  
for	  a	  more	  diverse	  biofilm	  than	  acetate	  medium.	  However,	  this	  higher	  diversity	  did	  not	  make	  them	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more	   stable.	  On	   the	   contrary,	   the	  UM-­‐EtOH	  biofilms	  were	   less	   stable	   than	   the	   two	  other	   types	  of	  
biofilms	  with	  only	  50%	  of	  similarity	  between	  the	  biofilms	  after	  selection	  (week	  0)	  and	  at	  week	  6.	  This	  
is	   in	  contrast	  to	  ecological	  theories	  that	  increased	  diversity	  increases	  community	  stability	  (Burmolle	  
et	  al.	  2006,	  Moller	  et	  al.	  1998).	  Bacteria	  from	  inside	  or	  outside	  the	  biofilm	  have	  taken	  advantage	  of	  
the	   new	   conditions	   to	   disproportionately	   increase	   their	   numbers.	   As	   the	   UM-­‐EtOH	   biofilms	   were	  
initially	  more	  diverse	  than	  the	  other	  biofilms	  prior	  to	  transfer	  to	  OECD,	  their	  lower	  stability	  compared	  
to	  the	  other	  biofilms	  suggests	  that	  changes	  in	  the	  biofilm	  community	  structures	  was	  primarily	  from	  
internal	   changes	   in	   dominance	   rather	   than	   external	   displacement	   as	   more	   diverse	   populations	  
probably	  have	  greater	  capacity	  for	  internal	  competition	  than	  less	  diverse	  populations.	  
The	  changes	  within	  the	  UM-­‐EtOH	  communities	  may	  have	  allowed	  the	  biofilms	  to	  adapt	  more	  quickly	  
to	   their	   new	   environment	   than	   acetate-­‐selected	   biofilms.	   The	   higher	   diversity	   of	   the	   UM-­‐EtOH	  
biofilms	   allowed	   them	   to	   remove	   the	  COD	  of	  OECD	  and	  ethanol	  medium	  with	   a	   greater	   efficiency	  
than	  the	  biofilms	  selected	  in	  acetate	  medium	  (Figure	  4.8).	  All	  types	  of	  biofilms	  adapted	  to	  OECD4%	  
medium	  over	  time,	  as	  shown	  by	  their	  COD	  removal	  efficiencies	  reaching	  almost	  60%	  after	  six	  weeks.	  
The	   biofilms	   were	   all	   able	   to	   break	   down	   the	   OECD	   efficiently,	   but	   no	   greater	   catalytic	   currents,	  
power	  densities	  or	  coulombic	  efficiencies	  were	  observed.	  	  
Only	  a	  small	  percentage	  of	  the	  electrons,	  theoretically	  available	  by	  total	  oxidation	  of	  the	  substrate,	  
were	   recovered	   at	   the	   electrode	   in	   the	   form	  of	   electric	   current.	   The	   coulombic	   efficiency	  doubled	  
between	  weeks	  1	   and	  2	   in	  OECD4%,	   but	   then	   stabilized	  while	   the	  COD	   removal	   efficiency	   kept	   on	  
increasing.	  The	  power	  densities	  doubled	  between	  weeks	  2	  and	  3,	  showing	  that	  the	  biofilms	  adapted	  
well	   to	   OECD4%,	   and	   then	   stabilized.	   These	   results	   suggest	   that	   competing	   electron	   sinks	   are	  
important	  in	  the	  system.	  Biomass,	  soluble	  organic	  products,	  H2	  and	  CH4	  are	  possible	  electron	  sinks	  in	  
MFCs	   in	   the	   absence	   of	   oxygen	   (Lee	   et	   al.	   2008a).	   Electron	   equivalents	   for	   the	   gases	   can	   be	  
considerable	  for	  MFCs	  fed	  with	  fermentable	  substrates,	  as	  compared	  to	  non-­‐fermentable	  substrates,	  
since	  H2	   is	  normally	  produced	  during	   fermentation.	  By	   comparing	  glucose-­‐fed	  MFCs	   to	  acetate-­‐fed	  
MFCs	  it	  appeared	  that	  H2	  is	  also	  a	  good	  electron	  donor	  for	  methanogens	  to	  produce	  CH4	  (Freguia	  et	  
al.	   2007,	   Torres	   et	   al.	   2007).	   Additionally,	   fermentative	   bacteria	   have	   higher	   growth	   yields	   than	  
anode-­‐respiring	   bacteria	   (Batstone	   et	   al.	   2002,	   Esteve-­‐Nunez	   et	   al.	   2005),	   making	   biomass	   a	  
significant	  electron	  sink	  that	  likely	  reduced	  CE.	  Oxygen	  leakage	  into	  the	  system	  could	  also	  be	  a	  cause	  
of	  the	  low	  coulombic	  efficiency	  by	  favouring	  the	  growth	  of	  aerobic	  bacteria	  and	  therefore	  increasing	  
the	  biomass.	  
The	  COD	  removed	  from	  the	  medium	  was	  measured	  by	  excluding	  all	  bacterial	  biomass.	  Therefore,	  the	  
measured	  “removed	  carbon”	  includes	  carbon	  that	  was	  converted	  into	  biomass	  as	  polymeric	  material	  
and	   new	   cells	   in	   the	   biofilm,	   and	   also	   in	   bacteria	   that	   were	   suspended	   in	   the	   medium.	   These	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planktonic	  bacteria	  were	  likely	  to	  survive	  by	  fermentation,	  producing	  volatile	  fatty	  acids	  (VFA),	  H2	  or	  
CH4	  gases	  possibly	  allowing	  more	  carbon	  to	   leak	  out	  of	  the	  system.	  Soluble	  fermentation	  products,	  
such	  as	  VFA,	  that	  remained	  in	  the	  medium	  were	  measured	  in	  the	  COD	  test.	  	  
The	   results	  of	   the	   specific	  VFA	  analysis	   showed	   that	  all	  biofilms	  were	  able	   to	  produce	  acetate	  and	  
propanoic	  acid	  by	  anaerobic	  fermentation	  of	  OECD4%.	  The	  concentrations	  of	  VFA	  detected	  at	  week	  6	  
were	   smaller	   than	   at	   week	  3,	   possibly	   due	   to	   a	   faster	   consumption	   of	   the	   VFA	   produced	   by	   the	  
biofilms,	  indicating	  that	  they	  adapted	  to	  OECD	  over	  time.	  The	  results	  of	  the	  VFA	  concentrations	  are	  
consistent	  with	  the	  results	  of	  the	  COD	  removal	  efficiency.	  	  
The	  COD	   removal	   efficiency	   decreased	   at	  week	  7	  when	   the	  biofilms	  were	   fed	   acetate	   and	  ethanol	  
medium	  again.	  Acetate	  is	  not	  a	  substrate	  for	  fermentation,	  therefore,	  the	  carbon	  was	  not	  removed	  
by	  fermentation	  anymore	  and	  accumulated	  in	  the	  medium.	  This	  is	  consistent	  with	  the	  idea	  that	  the	  
extra	   COD	   removal	   efficiency	   seen	   from	   weeks	   4-­‐6	   compared	   to	   week	   0-­‐2	   was	   due	   to	   substrate	  
fermentation	  fuelling	  the	  growth	  of	  bacterial	  cells.	  	  
The	  power	  densities	  were	  not	  in	  accordance	  with	  the	  catalytic	  currents,	  as	  the	  latter	  were	  smaller	  at	  
the	  end	  of	   the	  experiment	  than	  after	  selection.	  The	  microbial	  oxidation	  rate	  was	   lower	   in	  OECD4%	  
than	  in	  acetate	  or	  ethanol	  medium.	  Geobacter	  sp.	  have	  a	  relatively	  narrow	  range	  of	  substrate	  usage	  
(Nevin	   et	   al.	   2005).	   The	   OECD	   medium,	   made	   up	   of	   complex	   carbohydrates,	   proteins	   and	   lipids,	  
would	   have	   to	   be	   broken	   down	   to	   sugars,	   amino	   acids	   and	   fatty	   acids	   before	   being	   oxidized	   by	  
Geobacter	  at	  the	  electrode	  surface.	  The	  catalytic	  current	  was	  possibly	  limited	  by	  the	  degradation	  rate	  
of	  OECD	  into	  acetate.	  A	  two-­‐stage	  system	  with	  a	  first	  stage	  of	  anaerobic	  fermentation	  of	  OECD	  prior	  
transfer	   in	  the	  MFC	  could	  contribute	  to	  higher	  catalytic	  current.	  The	  six	  weeks	   in	  OECD4%	  affected	  
the	   biofilms’	   efficiency	   at	   transferring	   electrons	   to	   an	   electrode,	   as	   their	   catalytic	   currents	   were	  
smaller	   at	   week	  7	   than	   at	   week	  0.	   They	   did	   not	   completely	   recover	   after	   24	  h	   in	   their	   respective	  
medium.	   Changes	   in	   community	   structure	   could	   cause	   the	   biofilms	   to	   lose	   their	   efficiency	   at	  
transferring	   electrons,	   if	   Geobacter	   is	   not	   as	   dominant	   as	   after	   selection.	   A	   change	   in	   microbial	  
pathways	   toward	   the	   degradation	   of	   OECD	   could	   also	   affect	   the	   electron	   transfer	   at	   the	  
biofilm/electrode	   interface.	   In	   this	  case,	   it	  may	  take	  more	  than	  24	  h	   for	   the	  biofilms	  to	  re-­‐adapt	  to	  
their	  selective	  medium.	  	  
The	  non-­‐turnover	  voltammograms	  were	  typical	  of	  those	  of	  Geobacter	  in	  acetate-­‐depleted	  conditions	  
with	  two	  major	  redox	  systems	  at	   formal	  potentials	  about	   -­‐0.3	  V	  and	  -­‐0.4	  V	  vs	  Ag/AgCl	   (Fricke	  et	  al.	  
2008,	   Katuri	   et	   al.	   2010).	  Geobacter	  were	   evidently	   still	   present	   at	   the	   interface	   biofilm/electrode	  
after	  6	  weeks	  in	  OECD4%.	  The	  biofilm	  communities	  were	  stable	  despite	  the	  change	  of	  carbon	  source.	  
The	   production	   of	   acetate	   by	   the	   biofilm	   from	   the	   fermentation	   of	   OECD	   (Figure	  4.7)	   without	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changing	   the	   pH,	   may	   have	   retained	   Geobacter	   sp.	   The	   pH	   oscillated	   between	   7.4,	   pH	   of	   fresh	  
medium,	  and	  6.5,	  pH	  of	  MFCs	  effluents	  after	  a	  3-­‐day	  batch.	  	  
The	  potentials	  of	  the	  redox	  peaks	  of	  the	  UM-­‐AC	  biofilms,	  detected	  in	  non-­‐turnover	  voltammograms,	  
were	   higher	   than	   the	   potentials	   of	   the	   peaks	   observed	   for	   UM-­‐EtOH	   biofilms,	   with	   a	   shift	   in	  
potentials	   of	   about	   50	  mV.	   Such	   a	   shift	   in	   the	   potentials	  might	   be	   due	   to	   pH	   variation.	   A	   drop	   in	  
anolyte	  pH	  often	  corresponds	  to	  a	  bigger	  drop	  inside	  the	  biofilm,	  especially	  at	  the	  biofilm/electrode	  
interface.	  Franks	  et	  al.	  (2009)	  showed	  that	  a	  pH	  of	  6.8	  in	  the	  anolyte	  could	  actually	  correspond	  to	  a	  
pH	   of	   6.2	   at	   the	   biofilm/electrode	   interface.	   This	   drop	   becomes	  more	   pronounced	   as	   the	   biofilm	  
grows	  thicker	  (Bond	  et	  al.	  2012).	  Geobacter	  metabolism	  is	  known	  to	  be	  reduced	  at	  pH	  lower	  than	  6	  
and	   completely	   inhibited	  at	  pH	  5	  and	   lower	   (Kim	  and	   Lee	  2010).	   The	   fermentation	  of	  OECD	  at	   the	  
anode	  may	  have	  contributed	  to	  the	  acidification	  of	  the	  biofilm	  and	  so	  increased	  the	  potential	  of	  the	  
redox	   proteins	   involved	   in	   the	   electron	   transfer	   at	   the	   anode,	   resulting	   in	   a	   shift	   towards	   more	  
positive	  potentials	  on	  the	  voltammograms.	  The	  pH	  in	  the	  anolytes	  of	  UM-­‐EtOH,	  COOH-­‐AC	  and	  UM-­‐
AC	  biofilms	  were	   6.84,	   6.82	   and	   6.76	   respectively.	   The	   pHs	   inside	   the	   biofilms	  were	   unknown	  but	  
they	  were	  likely	  to	  be	  more	  acidic.	  The	  pH	  values	  match	  the	  order	  of	  the	  redox	  systems’	  potentials	  in	  
each	  biofilm	  with	  the	  formal	  potential	  of	  UM-­‐EtOH	  <	  COOH-­‐AC	  <	  UM-­‐AC.	  The	  small	  difference	  in	  the	  
COOH-­‐AC	  and	  UM-­‐AC	  formal	  potentials	  might	  be	  the	  result	  of	  the	  surface	  COO-­‐	  having	  a	  pH	  effect	  or	  
a	  local	  buffering	  effect.	  
The	  voltammogram	  of	  the	  COOH-­‐AC	  biofilm	  indicated	  a	  third	  redox	  system	  at	  a	  formal	  potential	  of	  -­‐
0.5	  V	   vs	   Ag/AgCl	   (Figure	  4.12).	   It	   has	   recently	   been	   discovered	   that	   the	   carboxyl-­‐anchoring	   group	  
provides	   biocompatible	   conditions	   for	   the	   outermost	   cytochromes	   of	   Geobacter	   sulfurreducens,	  
facilitating	   the	  electron	   transfer	   at	   the	  biofilm/electrode	   interface	   (Kuzume	  et	   al.	   2013).	   It	  may	  be	  
possible	  that	  the	  same	  affinity	  occurs	  between	  the	  carboxyl	  groups	  grafted	  on	  the	  electrode	  and	  the	  
outer-­‐membrane	  cytochromes	  of	  Geobacter	   sp.	  dominating	  the	  COOH-­‐AC	  biofilm.	   If	   the	  transfer	  of	  
electrons	   is	   facilitated	   through	   these	   cytochromes,	   a	   more	   pronounced	   peak	   will	   be	   seen	   on	   the	  
voltammogram	  at	  the	  redox	  potential	  of	  these	  cytochromes,	  which	  might	  be	  the	  case	  in	  Figure	  4.12.	  
However,	  a	  specific	  experiment	  has	   to	  be	  designed,	  with	  a	  pure	  culture	  of	  Geobacter	  sp.,	   to	  prove	  
that	   the	   redox	   system	   observed	   at	   -­‐0.5	  V	   is	   due	   to	   an	   affinity	   between	   carboxyl	   groups	   and	  
Geobacter	  sp.	  outer-­‐membrane	  cytochromes.	  	  
The	   COOH-­‐AC	   biofilms	   had	   more	   biomass	   than	   UM-­‐AC	   and	   UM-­‐EtOH	   biofilms	   after	   six	   weeks	   in	  
OECD4%.	  Carboxyl	  groups	  have	  been	  shown	   to	   significantly	  promote	   the	   surface	   immobilization	  of	  
Geobacter	  sulfurreducens	   cells	   (Kuzume	  et	  al.	  2013).	  These	  –COOH	  groups	  can	  “anchor”	  Geobacter	  
sp.	  to	  the	  electrode	  through	  the	  affinity	  with	  its	  cytochromes,	  allowing	  more	  biomass	  to	  colonize	  the	  
electrode	  surface.	  However,	  the	  COOH-­‐AC	  biofilms	  did	  not	  have	  significantly	  more	  biomass	  than	  the	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two	   other	   biofilms	   after	   selection	   (week	  0).	   The	   total	   amount	   of	   proteins	   measured	   includes	   the	  
protein	   from	  the	  bacteria	  constituting	  the	  biofilm	  and	  their	  extracellular	  polymeric	  substance	   (EPS)	  
matrix.	   It	   is	  possible	   that	   the	  biofilm	  produced	  more	  EPS	  matrix	   in	   response	   to	  a	  stress	  cause	  by	  –
COOH	   groups	   on	   the	   electrode	   surface	   or	   to	   counter	   a	   possible	   repulsion	   between	   the	   negative	  
charges	  of	   the	   –COOH	  groups	   and	   the	  bacterial	  membrane	   (negatively	   charged	   too),	   as	   previously	  
observed	   by	   Picot	   et	   al.	   (2011).	   In	   this	   case,	   the	   amount	   of	   proteins	   in	   the	   EPS	  matrix	   is	   likely	   to	  
increase	  over	  time.	  
No	  real	  advantage	  of	  carboxyl	  modification	  was	  identified	  in	  this	  study	  in	  terms	  of	  power	  output	  or	  
biofilm	  stability.	  Perhaps,	  not	  enough	  carboxyl	  groups	  were	  grafted	  on	  the	  electrode	  to	  see	  an	  effect.	  
The	  coulombic	  charge	  density	  chosen	  to	  modify	  the	  electrode	  might	  have	  been	  too	  low	  for	  optimal	  
performance	  but	  this	  was	  not	  tested.	  
4.5 Conclusion	  
The	   Geobacter-­‐dominated	   biofilms	   selected	   at	   fixed	   anode	   potentials	   were	   not	   stable	   when	  
transferred	  in	  MFCs	  with	  1	  kΩ	  external	  resistance,	  concentrated	  and	  un-­‐buffered	  OECD.	  Their	  taxon	  
richness	  increased	  by	  ten	  times	  and	  they	  lost	  most	  of	  their	  electrochemical	  properties,	  possibly	  due	  
to	   the	   loss	   of	   Geobacter	   bioactivity	   following	   a	   drop	  of	   pH	  by	   fermentation	   of	   the	  OECD	  by	   other	  
bacteria.	   However,	   the	   Geobacter-­‐dominated	   biofilms	   better	   resisted	   replacement	   by	   competing	  
bacteria	   and	   retained	   their	   electrochemical	   properties	   when	   the	   operating	   parameters	   stayed	  
unchanged	   and	   the	   biofilms	   were	   only	   challenged	   by	   diluted	   and	   buffered	   OECD	   medium.	   They	  
showed	   stability	   in	   their	   community	   structures	   and	  electrochemical	   properties,	  with	  Geobacter	   sp.	  
being	  still	  electrically	  active	  after	  six	  weeks	  in	  OECD4%.	  
The	  three	  types	  of	  biofilms	  adapted	  well	  to	  the	  new	  carbon	  source.	  The	  UM-­‐EtOH	  biofilms,	  despite	  
their	  higher	  taxon	  richness,	  were	  the	  least	  stable	  as	  their	  community	  structure	  underwent	  the	  most	  
changes.	  They	  were	  able	  to	  anaerobically	  ferment	  ethanol	  to	  acetate	  and	  propanoic	  acid.	  They	  also	  
appeared	   to	   produce	   more	   acetate	   from	   the	   fermentation	   of	   OECD	   than	   UM-­‐AC	   and	   COOH-­‐AC	  
biofilms.	   The	  UM-­‐EtOH	  biofilms	  were,	   however,	   not	   initially	   better	   adapted	   to	  OECD	   as	   their	   COD	  
removal	  efficiency	  was	  at	  0%	  when	  first	  fed	  OECD	  as	  were	  the	  two	  other	  biofilms.	  However,	  the	  UM-­‐
EtOH	  biofilms	  adapted	  more	  quickly	  to	  the	  new	  conditions	  with	  the	  highest	  COD	  removal	  efficiency,	  
possibly	   linked	   to	   change	   in	   their	   community	   structure.	   The	   greater	   diversity	   of	   the	   UM-­‐EtOH	  
biofilms	  was	  beneficial	  as	  it	   improved	  their	  efficiency	  at	  consuming	  substrates,	  but	  did	  not	  improve	  
their	  power	  output	  or	  catalytic	  current,	  as	  their	  electrochemical	  properties	  were	  similar	  to	  the	  two	  
UM-­‐AC	  and	  COOH-­‐AC	  biofilms.	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A	   discrepancy	   existed	   between	   COD	   removal	   efficiencies	   and	   power	   densities,	   CE	   and	   catalytic	  
currents.	   The	   COD	   removal	   efficiencies	   increased	   over	   weeks	   1-­‐6,	   showing	   that	   the	   bacterial	  
communities	   gradually	   adapted	   and	   changed	   to	   more	   efficiently	   use	   the	   OECD.	   However,	   the	  
increase	  in	  COD	  removal	  efficiencies	  over	  that	  period	  was	  not	  matched	  by	  an	  increase	  in	  coulombic	  
efficiency.	   The	  extra	  COD	   removed	   from	   the	  medium	  was	  not	  being	  metabolized	   to	  produce	  extra	  
current	  and	  was	  instead	  fermented	  to	  grow	  more	  cells	  either	  in	  the	  biofilm	  or	  free	  in	  the	  medium.	  It	  
is	  likely	  that	  the	  production	  of	  gases	  such	  as	  CH4	  contribute	  to	  the	  low	  CE	  measured	  (i.e.,	  between	  10	  
and	  14%	  in	  presence	  of	  OECD4%).	  However,	  these	  coulombic	  efficiencies	  were	  higher	  than	  the	  CEs	  of	  
8%	  usually	  measured	  with	  wastewater	  (Min	  et	  al.	  2005).	  An	  anode-­‐respiring	  biofilm	  directly	  selected	  
in	   OECD	   could	   perhaps	   have	   a	   higher	   CE	   than	   acetate	   or	   ethanol-­‐selected	   biofilms	  when	   treating	  
OECD,	  this	  was	  investigated	  in	  Chapter	  5	  below.	  
The	   carboxyl	   groups	   grafted	  on	   the	  electrode	   surface	  did	  not	   significantly	   increase	   the	   community	  
stability	   or	   power	   densities	   of	   Geobacter-­‐dominated	   biofilms	   compare	   to	   unmodified	   electrodes.	  
Nevertheless,	   they	   grew	   biofilms	   with	   higher	   biomass	   and	   an	   extra	   redox	   couple	   involved	   in	   the	  
transfer	  of	  electrons	  at	  the	  electrode	  surface,	  maybe	  due	  to	  better	  affinity	  with	  the	  outer-­‐membrane	  
cytochromes	  of	  Geobacter	  sp.	  	  
These	   results	   have	   important	   implications	   for	   researchers	   hoping	   to	   select	   Geobacter-­‐dominated	  
biofilms	   and	   apply	   them	   in	   biosensors	   or	   bioelectrical	   devices	   in	   the	   environment.	   Such	   biofilms	  
could	   provide	   operational	   stability	   to	   microbial	   fuel	   cells,	   making	   them	   a	   robust	   alternative	   to	  
common	  biosensors	  for	  biochemical	  oxygen	  demand	  measurement.	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Chapter	  5	  
Geobacter-­‐dominated	  biofilms	  used	  as	  
amperometric	  BOD	  sensors	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5.1 Introduction	  
Organic	   pollution	   is	   one	   of	   the	   most	   widespread	   environmental	   problems	   (Zhang	   and	   Angelidaki	  
2011).	   Excess	   nutrients	   and	   organic	   carbon	   in	   land	   and	   water	   as	   a	   consequence	   of	   industry,	  
agriculture	  and	  other	  human	  activities,	  have	  the	  capacity	  to	  unbalance	  natural	  systems	  often	  leading	  
to	   the	   stimulation	   of	   microbial	   growth.	   In	   particular,	   blooms	   of	   toxin-­‐producing	   microbes	   and/or	  
oxygen	  depletion	  are	  detrimental	  to	  many	  other	  forms	  of	  life.	  The	  theoretical	  amount	  of	  oxygen	  that	  
may	  be	  consumed	  by	  aerobic	  microbial	  respiration	  is	  termed	  the	  biochemical	  oxygen	  demand	  (BOD).	  
BOD	  is	  typically	  measured	  using	  a	  conventional	  BOD5	  assay	  (Greenberg	  et	  al.	  1992),	  which	  is	  a	  five-­‐
day	   incubation	  of	   initially	   air-­‐saturated,	   diluted	   aliquots	   of	   the	   sample	  with	  mixed	   communities	   of	  
bacteria.	   The	  depletion	  of	   oxygen	  within	   sealed	   sample	   containers	   due	   to	  microbial	  metabolism	   is	  
used	  as	  a	  measure	  of	  the	  BOD	  of	  the	  original	  sample	  solutions.	  	  
Oxygen	  solubility,	   temperature,	   toxicity	  and	   type	  of	  microorganism	  used	  are	  some	  of	  many	   factors	  
that	  can	  affect	  the	  quality	  of	  BOD5	  tests	  (Bourgeois	  et	  al.	  2001).	  The	  slow	  response	  of	  the	  BOD5	  assay	  
together	  with	  the	  inconvenience	  of	  setting	  up	  multiple	  incubations	  in	  300	  mL	  bottles	  limits	  its	  utility.	  
In	  wastewater	   treatment	  plants,	   for	   instance,	  where	   the	  water	  quality	  has	   to	  be	  closely	   controlled	  
throughout	  the	  process,	  a	  five-­‐day	  test	  is	  not	  appropriate.	  Efforts	  have	  been	  made	  over	  the	  years	  to	  
speed	   up	   the	   measurement	   using	   shorter	   incubations,	   coupling	   oxygen	   sensors	   with	   microbial	  
biofilms	  (Liu	  and	  Dong	  2013,	  Liu	  et	  al.	  2013b,	  Torrents	  et	  al.	  2012);	  replacing	  oxygen	  with	  chemical	  
redox	  mediators	   such	   as	   potassium	   ferricyanide,	  which	   are	  more	   soluble	   in	  water	   (Catterall	   et	   al.	  
2001,	  Catterall	  et	  al.	  2003,	  Jordan	  et	  al.	  2013,	  Morris	  et	  al.	  2001,	  Pasco	  et	  al.	  2004,	  Pasco	  et	  al.	  2001);	  
measuring	  carbon	  dioxide	  production	  rather	  than	  oxygen	  consumption	  (Chiappini	  et	  al.	  2010,	  Melidis	  
et	  al.	  2008);	  or	  more	  recently,	  using	  microbial	  fuel	  cells	  (MFCs)	  (Di	  Lorenzo	  et	  al.	  2009,	  Kumlanghan	  
et	   al.	   2007,	  Modin	   and	  Wilen	   2012,	   Zhang	   and	  Angelidaki	   2011).	  Microbial	   fuel	   cells	   correlate	   the	  
BOD	  concentration	  with	  the	  electrical	  current	  generated	  by	  microbial	  respiration	  of	  exoelectrogenic	  
biofilms.	   In	  addition	  to	  the	  real-­‐time	  monitoring	  of	  BOD,	  MFCs	  offer	  portability	  and	  miniaturization	  
over	  conventional	  analytical	  techniques.	  
All	  these	  previous	  studies	  used	  an	  external	  resistor	  between	  the	  anode	  and	  the	  cathode.	  In	  the	  work	  
presented	   here,	   a	   biosensor	   was	   operated	   with	   an	   external	   voltage	   to	   allow	   an	   exoelectrogenic	  
biofilm	  to	  generate	  current	  at	  its	  full	  capacity	  without	  being	  limited	  by	  the	  internal	  resistance	  of	  the	  
system	   or	   oxygen	   reduction	   reaction	   at	   the	   cathode.	   From	   my	   knowledge,	   this	   is	   the	   first	   BOD	  
biosensor	  operating	  with	  a	  voltage	  input	  using	  an	  ethanol-­‐selected	  biofilm	  dominated	  by	  Geobacter	  
sp.	   Usually	   acetate	   is	   used	   as	   the	   sole	   substrate	   to	   select	   for	  Geobacter	   biofilms	   on	   low	   potential	  
electrode	   surfaces	   as	   it	   can	   only	   be	   metabolised	   by	   respiration	   or	   methanogenesis	   (Torres	   et	   al.	  
2009).	  Ethanol,	  while	  a	  suitable	  substrate	  for	  Geobacter	  growth,	  can	  also	  be	  utilized	  by	  a	  restricted	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group	   of	   bacteria	   capable	   of	   fermenting	   it	   to	   more	   reduced	   acids	   including	   propionic	   acid	   and	  
acetate,	   thus	   allowing	   the	  growth	  of	   a	  Geobacter-­‐dominated	  biofilm	  with	  broader	   substrate	  usage	  
than	  could	  be	  formed	  using	  acetate	  as	  the	  sole	  substrate.	  The	  ethanol-­‐biofilm	  (UM-­‐EtOH)	  selected	  in	  
Chapter	  4	  adapted	  quicker	  to	  a	  synthetic	  wastewater	  with	  a	  higher	  COD	  removal	  efficiency	  than	  an	  
acetate-­‐selected	   biofilm,	   while	   having	   similar	   power	   output.	   Therefore,	   ethanol-­‐selected	   biofilms	  
seem	  to	  be	  the	  best	  suited	   for	  BOD	  measurement,	  even	  though	   they	  may	  undergo	  change	   in	   their	  
community	  structures	  as	  observed	  in	  Chapter	  4.	  
Due	  to	   low	  substrate	  versatility	  of	  pure	  cultures	  of	  Geobacter,	   I	  chose	  to	  select	  for	  a	  mixed	  culture	  
dominated	  by	  Geobacter	  sp.	  able	  to	  oxidize	  complex	  medium	  such	  as	  synthetic	  wastewater	  and	  milk.	  
Unlike	  mixed	   cultures,	   the	   stability	  of	   a	  pure	   culture	  may	  be	   challenged	  by	   regular	   introduction	  of	  
competitors	   within	   test	   samples	   such	   as	   wastewater,	   milk	   etc.,	   whereas	   mixed	   communities	   are	  
more	  likely	  to	  be	  self-­‐optimising	  when	  exposed	  to	  new	  carbon	  source	  fluctuations	  (Ishii	  et	  al.	  2012).	  
The	   operational	   stability	   of	   the	   anode-­‐respiring	   biofilm	   is	   a	   major	   concern	   for	   the	   reliability	   of	   a	  
biosensor.	  The	  only	  issue	  with	  using	  mixed-­‐community	  BOD	  sensors	  is	  that	  it	  could	  be	  hard	  to	  select	  
identical	   biofilm	   communities	   from	   one	   BOD	   biosensor	   to	   another,	   with	   the	   risk	   of	   altering	   the	  
reproducibility	  of	  the	  measurement.	  
The	   aim	   of	   this	   project	   was	   to	   make	   a	   novel	   biosensor	   using	   mixed	   communities	   that	   were	  
nevertheless	  dominated	  by	  Geobacter	  sp.	  To	  be	  successful	  the	  biosensor	  should	  be	  easy	  to	  operate,	  
able	  to	  measure	  a	  broad	  range	  of	  pollutants,	  and	  give	  an	  accurate	  result	  in	  a	  relatively	  short	  amount	  
of	  time	  (i.e.,	  <	  5	  d).	  The	  performance	  of	  the	  BOD	  biosensor	  developed	  in	  this	  study	  was	  evaluated	  in	  
terms	   of	   its	   BOD	   range,	   response	   time,	   reproducibility	   and	   operational	   stability.	   The	   effects	   of	   an	  
increase	  in	  temperature	  and	  the	  applied	  potential	  were	  also	  investigated.	  
5.2 Methods	  
5.2.1 Reactor	  configuration	  and	  medium	  composition	  
Anode-­‐respiring	  biofilms	  were	  selected	  in	  small	  microbial	  fuel	  cells	  (MFCs)	  with	  a	  working	  volume	  of	  
just	  1	  mL.	  The	  anode	  was	  held	  at	  -­‐0.36	  V	  versus	  Ag/AgCl	  to	  select	  for	  Geobacter	  sp.	  (Commault	  et	  al.	  
2013),	  using	  a	  three-­‐electrode	  arrangement.	  The	  counter	  (carbon	  cloth,	  Fuel	  Cell	  Earth	  LLC,	  Ma,	  USA)	  
and	   the	   Ag/AgCl	   reference	   electrodes	   were	   separated	   from	   the	   analyte	   by	   an	   Ultrex	   CMI-­‐7000	  
cation-­‐exchange	  membrane	  (Membranes	  International	  Inc.,	  NJ,	  USA)	  in	  a	  chamber	  containing	  0.1	  M	  
phosphate	  buffer	  (pH	  =	  7.5)	  (Figure	  5.1).	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was	   quantified	   by	   spectrophotometry	   (NanoDrop®	   ND-­‐1000)	   and	   its	   quality	   examined	   by	  
electrophoresis	  on	  0.7%	  agarose	  gels.	  DNA	  extracts	  were	  then	  stored	  at	  -­‐20°C	  for	  further	  analyses.	  	  
5.2.3 Population	  profiling:	  Automated	  Ribosomal	  Intergenic	  Spacer	  Analysis	  
(ARISA)	  
ARISA	  was	   performed	   as	   described	   before	   (Chapter	  2,	   section	   2.2.7).	   Each	   peak	   between	   150	   and	  
1000	  bp	  of	   the	  electropherogram	  refers	   to	  an	  OTU	  of	   the	  bacterial	   community.	  The	  height	  of	  each	  
peak	  details	  the	  relative	  abundance	  of	  that	  OTU	  within	  the	  community.	  	  
5.2.4 16S	  rRNA	  gene	  fragment	  cloning	  and	  sequencing	  
ARISA	  was	   used	   to	   reveal	   the	   difference	   between	   the	   bacterial	   populations	   of	   the	   three	   different	  
anode-­‐respiring	   biofilms	   selected	   in	   the	   MFCs.	   Cloning	   and	   sequencing	   was	   then	   required	   to	  
specifically	  identify	  the	  most	  abundant	  species	  present	  in	  each	  biofilm.	  Therefore,	  bacterial	  16S	  rRNA	  
gene	   fragments	   from	   three	   biofilms	   were	   amplified	   using	   a	   BIOTAQ™	   PCR	   kit	   (Bioline),	   the	   PCR	  
primers	  B342If	  (5’-­‐CTA	  CGG	  GIG	  GCI	  GCA	  GT-­‐3’),	  U806Ir	  (5’-­‐GGA	  CTA	  CCI	  GGG	  TIT	  CTA	  A-­‐3’)	  (Hori	  et	  
al.	  2006)	  and	  the	  following	  PCR	  conditions:	  (i)	  94°C	  for	  3	  min;	  (ii)	  30	  cycles	  of	  94°C	  for	  60	  s,	  50°C	  for	  
60	  s,	  72°C	   for	  70	  s,	  and	   then	   (iii)	  72°C	   for	  5	  min.	  The	  PCR	  products	  were	   then	   inserted	   into	  pCR2.1	  
vectors	  using	  TA	  Cloning®	  Kit	  (Invitrogen,	  USA)	  and	  transformed	  into	  One	  Shot®	  E.	  coli	  TOP10F’	  CaCl2	  
competent	   cells,	   according	   to	   the	  manufacturer’s	   protocol	   (Invitrogen,	   USA).	   Isolated	   clones	  were	  
selected	  on	  LB	  plates	  containing	  100	  µg/mL	  of	  ampicillin.	  The	  cloned	  inserts	  of	  selected	  isolates	  were	  
then	  amplified	  using	  a	  BIOTAQ™	  PCR	  kit	  (Bioline),	  the	  plasmid-­‐specific	  primers	  M13f	  (5’-­‐CTG	  GCC	  GTC	  
GTT	   TTA-­‐3’),	   M13r	   (5’-­‐CAG	   GAA	   ACA	   GCT	   ATG	   AC-­‐3’)	   and	   the	   same	   PCR	   conditions	   as	   described	  
above.	  The	  purified	  PCR	  products	  (25	  µL)	  were	  sequenced	  in	  both	  reverse	  and	  forward	  directions	  on	  
a	  3130XL	  Capillary	  Genetic	  Analyser	   (Applied	  Biosystems	  Ltd.).	   The	   forward	  and	   reverse	   sequences	  
were	   aligned	   and	   corrected	  with	   ChromasPro	   software	   (Technelysium	  Pty	   Ltd,	   Brisbane,	   Australia)	  
and	  then	  compared	  with	   the	  nucleotide	  collection	   (nr/nt)	  of	   the	  National	  Center	   for	  Biotechnology	  
Information	   (www.ncbi.nlm.nih.gov/BLAST/)	   using	   the	   megablast	   algorithm	   to	   identify	   the	   closest	  
species	  match	  to	  each	  DNA	  fragment.	  	  
5.2.5 Substrate	  usage	  experiment	  
In	   parallel,	   a	   substrate	   usage	   test	  was	   performed	   to	   examine	   the	   ability	   of	   two	   different	   biofilms,	  
selected	  either	  on	  acetate	  or	  ethanol	  medium,	   to	  produce	  current	  when	   fed	  other	   substrates.	  The	  
biofilms	  were	  selected	  on	  graphite	  rods	  poised	  at	  -­‐0.36	  V	  vs	  Ag/AgCl	  in	  100	  mL	  MFC	  for	  four	  weeks,	  
with	  two	  replicates	  per	  treatment	  (i.e.,	  2	  acetate-­‐selected	  biofilms	  and	  2	  ethanol-­‐selected	  bioflms).	  
To	   test	   a	   new	   substrate	   the	   anode	   chambers	  were	  washed	  with	   a	   basal	  medium	  having	   the	   same	  
composition	  as	  acetate	  medium	  but	  without	  sodium	  acetate.	  The	  basal	  medium	  was	  diluted	  1:9	  with	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deionised	   water	   and	   bubbled	   with	   N2	   (<10	  ppm	   of	   O2)	   for	   10	   minutes.	   To	   wash	   the	   system	   and	  
remove	  all	  carbon	  sources	  from	  the	  systems	  each	  MFC	  was	  fed	  with	  100	  mL	  of	  diluted	  basal	  medium.	  
After	   30	  min	   the	   biofilms	  were	   fed	   50	  mL	   of	   diluted	   basal	  medium	   again.	   This	   step	  was	   repeated	  
another	  time	  30	  min	  later.	  Another	  hour	  was	  needed	  for	  the	  current	  to	  stabilize	  before	  feeding	  the	  
biofilms	  with	  a	  substrate	  of	  interest.	  The	  substrate	  to	  be	  tested	  was	  diluted	  with	  basal	  medium	  to	  a	  
final	   concentration	   of	   10	  mM:	   glucose	   1.8	  g/L,	   fructose	   1.8	  g/L,	   galactose	   1.8	  g/L,	   formate	   0.68	  g/L	  
(sodium	  salt),	  propionate	  0.74	  g/L,	  malate	  1.8	  g/L	   (sodium	  salt),	   lactose	  3.6	  g/L	  and	  casamino	  acids	  
2.5	  g/L.	   The	   basal	   medium	   contained	   3	  mM	   of	   BES,	   a	   methanogen	   inhibitor,	   to	   limit	   the	   loss	   of	  
electrons	   through	   CH4	   production	   and	   so	   maximize	   the	   charge	   transferred	   to	   the	   electrode.	   The	  
MFCs	  were	   fed	  with	   100	  mL	   of	   the	   10	  mM	   substrate	   solution	   and	   the	   total	   charge	   transferred	   (in	  
Coulomb)	   by	   the	   system	   12	  h	   after	   feeding	  was	   calculated.	   After	   each	   test,	   the	   biofilms	  were	   fed	  
100	  mL	  of	   their	  original	   substrate	   (acetate	  or	  ethanol)	  and	  given	  another	  24	  hours	   to	   recover.	  This	  
procedure	  was	  performed	  to	  avoid	  changing	  the	  initial	  biofilm	  composition.	  	  
5.2.6 Response	  time	  of	  the	  biosensor	  
I	  calibrated	  the	  biosensor	  using	  different	  dilutions	  of	  synthetic	  wastewater	  (OECD)	  with	  known	  BOD	  
values	  (determined	  using	  BOD5	  assay).	  The	  OECD	  was	  diluted	  in	  a	  basal	  medium	  to	  avoid	  saturating	  
the	  system.	  The	  presence	  of	  a	  methanogen	  inhibitor	  (BES)	  in	  the	  basal	  medium	  was	  used	  to	  maximize	  
the	  coulombic	  efficiency	  of	  the	  system	  and	  avoid	  underestimating	  the	  BOD	  concentration	  measured.	  
The	   total	   charge	   transferred	   after	   5,	   10	   and	   17.5	  h	   was	   plotted	   against	   the	   BOD	   concentrations	  
corresponding	  to	  each	  dilution	   (Figure	  5.5).	   I	  estimated	  that	  at	   room	  temperature	  and	  at	  an	  anode	  
potential	  of	  -­‐0.36	  V	  vs	  Ag/AgCl,	  a	  minimum	  of	  17.5	  h	  were	  necessary	  to	  have	  the	  best	  estimation	  of	  
the	  BOD	  of	   the	   tested	   sample.	  Below	   this	   time,	   the	   relationship	  between	   the	   charge	  and	   the	  BOD	  
was	   linear	   only	   for	   low	   BOD	   concentrations.	   The	   test	   duration	   has	   to	   be	   sufficiently	   long	   to	  
metabolize	   the	   BOD	   of	   the	   most	   concentrated	   samples	   in	   order	   to	   have	   the	   largest	   BOD	   range	  
possible.	  	  
5.2.7 BOD	  measurement	  in	  milk	  
I	  measured	  the	  BOD	  of	  the	  cow’s	  milk	  using	  the	  BOD5	  assay	  and	  found	  a	  value	  of	  103.14	  g/L.	  I	  tested	  
two	   dilutions	   of	   milk	   (1/300	   and	   1/150	   dilutions)	   in	   triplicate	   to	   be	   in	   the	   range	   of	   BOD	   values	  
imposed	  by	  the	  biosensor	  as	  described	  by	  the	  calibration	  curve	  at	  17.5	  h	  in	  Figure	  5.4.	  The	  300	  times	  
dilutions	  should	  correspond	  to	  a	  BOD	  of	  344	  mg/L	  (first	  half	  of	  calibration	  curve)	  and	  the	  150	  times	  
dilutions	  should	  correspond	  to	  a	  BOD	  of	  688	  mg/L	  (middle	  of	  calibration	  curve)	  according	  to	  the	  BOD5	  
value.	  The	  total	  charges	  were	  recorded	  in	  Coulombs	  (C)	  after	  17.5	  h	  and	  the	  BOD	  values	  of	  the	  milk	  
were	  determined	  using	  the	  equation	  of	  the	  calibration	  curve	  obtained	  previously	  with	  OECD.	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5.2.8 Detection	  limit	  (DL)	  calculation	  




	  	   (1)	  
Where	  𝜎𝜎	   is	   the	   standard	   deviation	   of	   the	   biosensor	   response	   (standard	   deviation	   of	   the	   ordinate	  
intercept)	  and	  𝑆𝑆	  is	  the	  slope	  of	  the	  regression	  line.	  
5.2.9 Contribution	  of	  three	  interns	  
Part	   of	   the	   work	   presented	   in	   this	   Chapter	   was	   done	   in	   collaboration	   with	   three	   students,	   who	  
successively	   came	  at	   Lincoln	  Agritech	   Ltd	   to	  undertake	  a	   student	   internship	  under	  my	   supervision.	  
Jasmine	  Karacs	  (Bachelor	  student)	  and	  Solène	  Bouvier	  (Master	  student)	  helped	  at	  the	  elaboration	  of	  
the	   calibration	   curve	   and	   the	  measurements	   of	   BOD	   concentrations	   of	  milk	   samples.	   Lukas	   Feiler	  
(Bachelor	  student)	  contributed	  to	  the	  substrate	  usage	  experiment.	  
	  
5.3 Results	  
5.3.1 Biofilm	  selected	  using	  ethanol	  as	  the	  sole	  carbon	  source.	  
Ethanol	  was	  used	  to	  select	  an	  electrogenic	  biofilm	  that	  had	  capability	  for	  direct	  electron	  transfer	  to	  
an	  electrode	  and	  a	  broad	  metabolic	  capability.	  Comparison	  of	  the	  community	  profile	  of	  the	  dominant	  
bacterial	   species	   in	   ethanol-­‐selected	   biofilm	   with	   biofilms	   selected	   in	   either	   acetate	   or	   complex	  
organic	  medium	  (OECD),	  suggests	  that	  the	  ethanol-­‐selected	  biofilm	  had	  a	  broader	  range	  of	  dominant	  
species	   than	   the	   biofilm	   selected	   in	   the	   acetate	   medium,	   even	   though	   it	   was	   still	   dominated	   by	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The	  molecular	  data	   confirmed	   that	   the	  expected	  communities	  were	   selected	   for	  each	  of	   the	   three	  
different	  media.	  The	  ethanol-­‐selected	  biofilms,	  while	  being	  dominated	  by	  Geobacter	  sp.	  had	  higher	  
diversity	  and	  higher	  substrate	  usage	  than	  acetate-­‐selected	  biofilms.	  DNA	  sequence	  data	  revealed	  the	  
presence	  of	  Acetobacterium	  as	  part	  of	  one	  dominant	  phylum	  in	  ethanol-­‐selected	  biofilms;	  these	  are	  
acetogens,	  they	  generate	  acetate	  as	  a	  product	  of	  anaerobic	  respiration.	  The	  acetate-­‐selected	  biofilms	  
showed	   less	   peaks	   in	   their	   ARISA	   profiles	   than	   the	   ethanol-­‐selected	   biofilms,	   implying	   that	   they	  
probably	  had	   less	  metabolic	   capability	   to	  degrade	  a	  wide	  variety	  of	   substrates	  as	   they	  were	  highly	  
dominated	  by	  Geobacter	  sp.	  and	  had	  only	  two	  other	  dominant	  phyla,	  with	  no	  evidence	  of	  acetogens.	  
With	  8	  peaks	  on	  their	  ARISA	  profiles,	  the	  OECD-­‐selected	  biofilms	  seemed	  to	  be	  the	  most	  diverse	  with	  
no	  Geobacter	  sp.	  detected.	  Therefore,	  the	  ethanol-­‐selected	  biofilms	  were	  the	  Geobacter-­‐dominated	  
biofilms	  with	  the	  highest	  microbial	  diversity.	  
This	  diversity	  allowed	  the	  ethanol-­‐selected	  biofilms	  to	  metabolize	  a	  broader	  range	  of	  substrates	  than	  
the	   acetate-­‐selected	   biofilms	   (Figure	  5.4).	   The	   result	   of	   the	   substrate	   usage	   test	   showed	   that	   the	  
ethanol-­‐selected	   biofilms	   were	   able	   to	   produce	   more	   current	   than	   the	   acetate-­‐selected	   biofilms	  
when	  fed	  other	  carbon	  sources	  than	  their	  selective	  one.	  This	  suggests	  that	  the	  bacterial	  community	  
selected	   on	   ethanol	   could	   use	   different	   biochemical	   pathways,	   such	   as	   fermentation,	   leading	   to	   a	  
better	   degradation	   of	   substrates	   and	   more	   current	   produced.	   According	   to	   equation	   (2)	   below,	  
acetate	   is	   an	   intermediate	   of	   the	   microbial	   pathway	   for	   ethanol	   assimilation	   (Badalamenti	   et	   al.	  
2013).	   In	   the	   ethanol-­‐selected	   biofilm,	   the	   acetate	   generated	   by	   acetogens	   can	   then	   be	   used	   by	  
Geobacter	  sp.	  to	  produce	  electricity.	  
𝐶𝐶𝐻𝐻!𝐶𝐶𝐻𝐻!𝑂𝑂𝑂𝑂 + 𝐻𝐻!𝑂𝑂 →   𝐶𝐶𝐶𝐶!𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 4𝑒𝑒
! + 4𝐻𝐻!	   (2)	  
Ethanol-­‐selected	  biofilms	  also	  transferred	  a	  given	  amount	  of	  charge	  in	  a	  shorter	  time	  than	  the	  OECD-­‐
selected	  biofilm	  when	  fed	  OECD	  medium.	  The	  ethanol-­‐selected	  biofilms	  are	  efficient	  at	  transferring	  
electrons	  to	  an	  electrode,	  thanks	  to	  the	  presence	  of	  Geobacter,	  and	  have	  a	  broad	  substrate	  usage;	  
while	  the	  OECD-­‐selected	  biofilms	  showed	  a	  poor	  electron	  transfer	  due	  to	  the	  absence	  of	  Geobacter,	  
but	   probably	   have	   a	   wide	   substrate	   usage.	   Finally,	   acetate-­‐selected	   biofilms	   also	   had	   efficient	  
electron	  transfer	  and,	  while	  they	  initially	  had	  a	  narrower	  substrate	  usage	  than	  the	  ethanol-­‐selected	  
biofilms,	   they	  also	  were	  able	  to	  adapt	  to	  complex	  medium.	  These	  observations	  are	  consistent	  with	  
those	   reported	   by	   Ishii	   et	   al.	   (2012),	   who	   showed	   that	  microbial	   fuel	   cell	   communities	   are	   self-­‐
optimizing	   and	   able	   to	   retain	   functional	   stability	   regardless	   of	   changes	   in	   carbon	   sources.	   The	  
capacity	  of	  ethanol-­‐selected	  biofilms	  to	  quickly	  respond	  and	  adapt	  to	  complex	  substrates	  potentially	  
makes	  them	  good	  candidates	  for	  BOD	  biosensing	  applications.	  	  
The	  biosensor	  based	  on	  the	  ethanol-­‐selected	  biofilm	  exhibited	  a	  good	  linear	  correlation	  (R2	  =	  0.96)	  
between	   the	   OECD	   BOD	   concentrations	   and	   the	   charge	   transferred	   during	   17.5	  h	   after	   injection.	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Once	  calibrated	  on	  OECD	  1%,	  the	  biosensor	  evaluated	  the	  BOD	  of	  cow’s	  milk	  sample	  with	  an	  error	  of	  
only	  7.4%	  compare	  to	  the	  common	  BOD5	  method	  and	  a	  reproducibility	  of	  94%	  based	  on	  the	  three	  
last	  experiments	  described	  in	  Figure	  5.6.	  The	  reproducibility	  limit	  is	  an	  important	  criteria	  to	  judge	  the	  
quality	  of	  a	  sensor	  and	  must	  be	  approximately	  95%	  or	  over.	  The	  reproducibility	  of	  the	  present	  BOD	  
sensor	  is	  acceptable	  but	  its	  detection	  limit	  was	  high	  and	  the	  assay	  was	  relatively	  long	  for	  a	  rapid	  BOD	  
assay.	  
The	  detection	  threshold	  of	  174	  mg/L	  is	  high	  compared	  to	  previous	  studies.	  Modin	  and	  Wilen	  (2012),	  
for	  instance,	  obtained	  a	  detection	  limit	  of	  32	  mg/L	  using	  a	  bioelectrochemical	  BOD	  sensor	  operated	  
with	  0.2	  V	  vs	  Ag/AgCl	  input	  voltage	  for	  20	  h	  batch	  runs.	  By	  running	  the	  biosensor	  at	  a	  higher	  voltage	  
and	  higher	   temperature,	   I	  managed	   to	   reduce	   the	  detection	   limit	   slightly	  while	   reducing	   the	  assay	  
length	  from	  17.5	  h	  to	  6	  h.	  
The	   best	   operating	   conditions	   for	   the	   best	   performance	   of	   the	   biosensor	   have	   yet	   to	   be	   defined.	  
Temperature	   and	   the	   anode	   potential	   are	   not	   the	   only	   parameters	   that	   can	   influence	   the	  
performance	  of	  a	  biosensor,	  the	  diffusion	  of	  substrate	  from	  the	  biofilm	  environment	  into	  the	  biofilm	  
might	  also	   limit	   the	  biosensor	  performance.	   In	  order	  to	  get	  a	   faster	  and	  more	  sensitive	  response	   it	  
might	  be	  practical	   to	   reduce	   the	  volume	  of	  medium	   in	  contact	  with	   the	  electrode	  and	  so	   the	   time	  
limitation	  due	   to	   substrate	  diffusion.	   For	   this	   purpose,	   the	   reactor	   has	   to	   be	  designed	  with	   a	   high	  
anode	  surface	  area-­‐to-­‐volume	  ratio.	   In	  this	  study	  the	  reactor	  had	  a	  surface	  area	  to	  volume	  ratio	  of	  
5.81	  cm2/mL,	  which	  is	  four	  times	  higher	  than	  the	  1.47	  cm2/mL	  reported	  by	  Modin	  and	  Wilen	  (2012)	  
in	  a	  similar	  system.	  Moon	  et	  al.	  (2004)	  reduced	  the	  volume	  of	  their	  anode	  chamber	  by	  a	  factor	  of	  5	  to	  
reach	  a	  ratio	  of	  1.6	  cm2/mL,	  which	  reduced	  the	  response	  time	  of	  their	  MFC	  BOD	  sensor	  by	  a	  factor	  of	  
7	  (from	  36	  min	  to	  5	  min).	  Di	  Lorenzo	  et	  al.	  (2009)	  by	  increasing	  the	  anode	  surface-­‐to-­‐volume	  ratio	  of	  
their	   single-­‐chamber	   microbial	   fuel	   cell	   from	   0.25	  cm2/mL	   to	   1	  cm2/mL	   recorded	   Coulombic	  
efficiencies	   nine	   times	   higher	   at	   an	   optimal	   operational	   temperature	   of	   30	  °C.	   The	   biosensor	  
developed	   in	   this	   study	   has	   one	   of	   the	   highest	   anode	   area-­‐to-­‐volume	   ratios	   reported,	   but	  
improvements	  are	  still	  needed	  to	  reduce	  the	  length	  and	  sensitivity	  of	  the	  response.	  It	  is	  possible	  that	  
an	   uneven	   partitioning	   of	   the	   biofilm	   over	   the	   surface	   of	   the	   anode	   limited	   the	   capacity	   of	   the	  
biosensor.	  Therefore	  a	  smaller	  anode	  surface	  and	  smaller	  anode	  chamber	  volume	  will	  be	   tested	   in	  
the	  near	  future	  to	  approach	  the	  144	  µL	  of	  the	  toxicity	  microsensor	  developed	  by	  Davila	  et	  al.	  (2011).	  
From	   practical	   point	   of	   view,	   it	   would	   be	   easy	   for	   potential	   users	   to	   get	   their	   own	   BOD	   sensors	  
working	  and	  keep	   them	  running	   for	   several	  months	   (e.g.,	   three	  months	   in	   this	   case).	   The	   set-­‐up	   is	  
easy	   to	   reproduce	   and	   only	   requires	   access	   to	   a	   potentiostat.	   The	   biofilms	   take	   a	   month	   from	  
inoculation	  until	  they	  produce	  a	  stable	  amount	  of	  current	  and	  are	  easy	  to	  maintain,	  they	  only	  require	  
a	  few	  milliters	  of	  medium	  every	  day.	  Once	  established,	  the	  biofilms	  can	  be	  used	  to	   inoculate	  other	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biosensors,	  reducing	  the	  delay	  for	  biofilm	  formation	  the	  second	  time	  (Wang	  et	  al.	  2010)	  and	  assuring	  
reproducibility	  between	  BOD	  sensors.	  
Electro-­‐active	   biofilms	   selected	   in	   bioelectrochemical	   systems	   on	   ethanol	   medium	   are	   good	  
candidates	  for	  biosensing	  applications	  as	  they	  can	  directly	  communicate	  with	  the	  electrode	  thanks	  to	  
the	   presence	   of	  Geobacter	   sp.	   Their	   relatively	   high	   diversity	   also	   allows	   them	   to	   rapidly	   adapt	   to	  
different	   carbon	  sources.	  The	  ethanol-­‐selected	  biofilm	  studied	   in	   this	  paper	   could,	   for	   instance,	  be	  
used	  to	  monitor	  the	   level	  of	  pollution	   in	  dairy	  effluents	  or	   for	  the	  assessment	  of	  ethanol	   in	  human	  
body	  fluids,	  beverage	  industries	  or	  in	  agricultural	  and	  environmental	  analysis	  (e.g.	  at	  a	  spill	  site	  or	  in	  
groundwaters)	  (Azevedo	  et	  al.	  2005).	  However,	  the	  sensitivity	  and	  the	  length	  of	  response	  time	  have	  
yet	  to	  be	  improved	  before	  considering	  any	  commercial	  application.	  	  
5.5 Conclusion	  
A	  new	  type	  of	  BOD	  sensor	  was	  developed	  using	  a	  specially	  selected	  Geobacter-­‐dominated	  biofilm	  as	  
the	  biocomponent	  and	  a	  microbial	  fuel	  cell	  as	  the	  transducer.	  Ethanol	  medium	  led	  to	  the	  selection	  of	  
a	  Geobacter-­‐dominated	  biofilm	  with	   a	   broad	   substrate	   usage,	  well	   suited	   for	   BOD	  biosensing.	   The	  
BOD	  sensor	  operated	  at	  a	  fixed	  potential	  while	  monitoring	  changes	  in	  total	  charge	  transferred	  which	  
was	   proportional	   to	   BOD	   concentrations	   in	   a	   range	   of	   174	  mg/L	   to	   over	   1000	  mg/L.	   It	   showed	  
accuracy	   and	   reproducibility	   for	  BOD	  measurement	  of	   ethanol	  medium,	  wastewater	   and	  milk.	   The	  
detection	   limit	  might	  be	  further	   lowered	  by	  reducing	  the	  working	  volume	  and	  the	  assay	   length	  can	  
be	  decreased	  by	  increasing	  the	  potential	  and	  temperature	  after	  selection	  while	  keeping	  the	  biofilm	  
community	  stable.	  	  
	  
The	   following	   chapters	  will	   now	   focus	   on	   reactions	   associated	  with	   the	   cathodes	   of	  microbial	   fuel	  
cells.	  These	  chapters	  primarily	  investigate	  the	  utility	  of	  photosynthetic	  cathodic	  biofilms	  to	  overcome	  
the	  limitations	  due	  to	  the	  catalysis	  of	  oxygen	  reduction	  reactions.	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Chapter	  6	  
Photosynthetic	  biocathode	  enhances	  power	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6.1 Introduction	  
Conventional	  microbial	  fuel	  cells	  (MFCs)	  are	  powered	  by	  heterotrophic	  bacteria	  at	  the	  anode	  passing	  
electrons	  onto	  an	  abiotic	  cathode,	  generally	  containing	  platinum,	  to	  catalyse	  the	  reduction	  of	  oxygen	  
to	   produce	   water.	   The	   anode	   and	   the	   cathode	   chambers	   are	   separated	   by	   an	   ion	   exchange	  
membrane	   and	   are	   electrically	   connected	   by	   means	   of	   an	   external	   circuit.	   The	   oxygen	   reduction	  
reaction	  (ORR)	  occurring	  at	  the	  cathode	  is	  often	  the	  factor	  limiting	  power	  generation	  (Gil	  et	  al.	  2003).	  
In	  MFCs,	  the	  ORR	  can	  be	  constrained	  by	  several	  factors	  such	  as	  neutral	  or	  alkaline	  pH	  (ORR	  is	  faster	  in	  
acidic	   environments),	   slow	   oxygen	  mass	   transfer	   in	   the	   liquid	   phase	   and	   fouling/biofouling	   which	  
may	  block	  access	  of	  oxygen	  to	  the	  electrode	  (Erable	  et	  al.	  2012).	  Biofilms	  can	  have	  a	  negative	  effect	  
on	   the	   cathode	   by	   creating	   anaerobic	   zones	   or	   by	   hindering	   the	   mass	   transfer	   of	   the	   electron	  
acceptor	  (Tartakovsky	  and	  Guiot	  2006).	  All	  these	  factors	  result	   in	  poor	  reduction	  rates	  of	  oxygen	  at	  
the	  cathode,	  reducing	  the	  power	  output	  of	  the	  MFC	  (Zhao	  et	  al.	  2006).	  Photosynthetic	  microbial	  fuel	  
cells	   (pMFC)	   used	   in	   this	   study	   aim	   to	   overcome	   some	   of	   these	   issues	   and	   increase	   energy	  
generation.	  	  
There	   are	   three	   methods	   that	   might	   practically	   be	   used	   to	   provide	   oxygen	   at	   the	   cathode	   (i)	   by	  
bubbling	   air	   into	   the	   catholyte;	   (ii)	   by	   exposing	   an	   air-­‐cathode	   to	   the	   atmosphere	   and	   (iii)	   as	  
presented	   in	   this	   study,	   by	   photosynthesis	   leading	   to	   production	   of	   pure	   oxygen	   directly	   at	   the	  
cathode	   surface.	   Bubbling	   air	   into	   the	   catholyte	   is	   an	   inefficient	   oxygenation	  method,	   as	   pumping	  
requires	   energy	   (He	   and	   Angenent	   2006).	   Also,	   the	   concentration	   of	   oxygen	   in	   the	   air	   is	   low	   and	  
consequently	  the	  concentration	  of	  oxygen	  that	  can	  be	  dissolved	  in	  water	  through	  aeration	  is	  limited	  
to	  about	  9	  mg/L	  (Weiss	  1970).	  An	  air-­‐cathode	  avoids	  wasting	  energy	  by	  pumping	  air,	  but	  as	  the	  air-­‐
cathode	  has	  to	  be	  wet	  in	  order	  to	  operate,	  the	  low	  concentration	  of	  oxygen	  in	  water	  exposed	  to	  air	  is	  
still	  a	  limitation	  (Clauwaert	  et	  al.	  2007).	  Fornero	  et	  al.	  (2008)	  addressed	  the	  problem	  by	  pressurizing	  
the	  cathode	  chamber,	  increasing	  the	  power	  density	  of	  the	  anion-­‐exchange	  membrane	  MFC	  by	  70%,	  
but	  this	  increased	  the	  risk	  of	  oxygen	  diffusion	  through	  the	  membrane	  to	  the	  anode.	  Introduction	  of	  
oxygen	  at	  the	  anode	  often	  reduces	  the	  current	  output	  as	  oxygen	  acts	  as	  an	  electron	  sink,	  competing	  
with	  the	  electrode,	  and	  could	  damage	  the	  anaerobic	  exoelectrogenic	  biofilm.	  One	  potential	  solution	  
is	  to	  recruit	  photosynthetic	  organisms	  to	  supply	  oxygen	  directly	  to	  the	  cathode.	  
Sunlight	   is	   an	   abundant	   and	   ubiquitous	   energy	   source,	   so	   its	   use	   to	   power	   oxygenation	   of	   the	  
cathode	   has	   advantages	   over	   the	   interventionist	   methods	   described	   above.	   Interest	   in	   direct	  
production	  of	  oxygen	  at	  the	  cathode	  began	  with	  Berk	  &	  Canfield	  (1964)	  who	  developed	  an	  MFC	  with	  
blue-­‐green	   marine	   algae	   on	   the	   cathode	   and	   Rhodospirillum	   rubrum	   on	   the	   anode.	   Powell	   et	   al.	  
(2009)	   showed	   that	   a	   pure	   culture	   of	   the	   algal	   species	   Chlorella	   vulgaris	   can	   act	   as	   a	   biological	  
	   136	  
electron	   acceptor	   at	   the	   cathode	   in	   the	   presence	   of	   a	   mediator	   (methylene	   blue),	   while	  
simultaneously	  reducing	  carbon	  dioxide	  to	  biomass	  under	  illumination.	  	  
In	   contradiction,	   recent	  work	   found	  no	  advantage	  of	   algal	   photosynthesis	   in	   the	   cathode	   chamber	  
compared	   to	  mechanical	  aeration;	  no	   further	   increase	  of	   the	  MFC	  current	  was	  observed	  when	   the	  
dissolved	  oxygen	  concentration	  was	  higher	  than	  6	  mg/L	  (Gil	  et	  al.	  2003,	  Juang	  et	  al.	  2012,	  Kang	  et	  al.	  
2003,	  Pham	  et	  al.	  2004,	  Rodrigo	  et	  al.	  2010).	  The	  low	  limiting	  oxygen	  concentration	  observed	  mostly	  
arose	  from	  the	  difficulty	  of	  reaching	  higher	  concentrations	  of	  dissolved	  oxygen	  when	  saturating	  the	  
cathode	  with	  air	   (Rodrigo	  et	   al.	   2010).	   Previous	   studies	  have	   shown	   that	  oxygen	   limitation	  at	  high	  
dissolved	  oxygen	  concentration	  was	  due	  to	  poor	  oxygen	  reduction	  at	  the	  graphite	  cathode	  (Gil	  et	  al.	  
2003).	  Moreover,	  Kang	  et	  al.	  (2003)	  and	  Pham	  et	  al.	  (2004)	  noticed	  that	  diffusion	  of	  oxygen	  from	  the	  
cathode	   through	   a	   cation-­‐specific	   membrane	   to	   the	   anode	   compartment	   was	   interfering	   with	  
electron	   transfer	   at	   the	   anode,	   explaining	   the	   negative	   impact	   of	   high	   dissolved	   oxygen	  
concentrations	  on	  the	  current	  generated	  by	  their	  MFC.	  
Photosynthetic	  MFC	  technology	  is	  being	  studied	  for	  its	  potential	  use	  in	  powering	  sensors	  in	  remote	  
areas,	  marine	  areas,	  and	  to	  couple	  production	  of	  rice	  with	  electricity	  in	  the	  rhizosphere	  (Chen	  et	  al.	  
2012).	  However,	  a	  better	  understanding	  of	  electron-­‐transfer	  mechanisms	  at	  the	  cathode	  could	  lead	  
to	  improvements	  in	  ORR	  rate	  and	  therefore	  the	  overall	  MFC	  system.	  In	  this	  study	  I	   investigated	  the	  
efficiency	  of	  a	   self-­‐sufficient	   sediment-­‐type	  pMFC	  constructed	  without	  an	   ion	  exchange	  membrane	  
or	  artificial	   catalyst	  at	   the	  cathode.	  The	  anode	  was	  separated	   from	  the	  cathode	  by	  a	   thick	   layer	  of	  
sediment.	   The	   catholyte	   was	   not	   aerated	   and	   relied	   on	   photosynthesis	   to	   provide	   oxygen	   at	   the	  
cathode.	   I	   anticipated	   that	   oxygen	   production	   by	   photosynthesis	   could	   improve	   cathode	  
performance	   and	   that	   the	   photosynthetic	   biofilm	  might	   also	   be	   directly	   involved	   in	   catalysing	   the	  
reduction	  of	  oxygen	  at	   the	  cathode.	  Parameters	   influencing	  the	  diurnal	  cycling	  of	  electrical	  current	  
delivered	   by	   the	   pMFC	   have	   been	   investigated	   leading	   to	   a	   better	   understanding	   of	   anode	   and	  
cathode	  processes.	  	  
6.2 Methods	  
6.2.1 Photosynthetic	  Microbial	  Fuel	  Cell	  (pMFC)	  set-­‐up	  
Two	  500	  mL	  glass	  measuring	  cylinders	  were	  set	  up	  as	  pMFCs.	  Surface	  soil,	  which	  was	  likely	  to	  contain	  
a	  diverse	  microbial	  community	  and	  be	  rich	  in	  photosynthetic	  taxa,	  was	  collected	  from	  the	  base	  of	  a	  
drainage	  ditch	  (Lincoln,	  NZ)	  and	  mixed	  with	  distilled	  water.	  The	  mud	  was	  poured	  into	  the	  volumetric	  
flasks	  and	  allowed	  to	  settle	  so	  that	  the	  flasks	  were	  approximately	  half	  filled	  with	  settled	  mud	  at	  the	  
bottom	  and	  relatively	  clear	  water	  at	  the	  top.	  The	  cylinders	  were	  placed	  beside	  a	  north-­‐facing	  window	  
in	  the	  laboratory	  and	  left	  to	  develop	  for	  approximately	  one	  month.	  At	  the	  end	  of	  the	  first	  month,	  a	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graphite	  rod	  electrode	  of	  14.3	  cm2	  surface	  area,	  4	  mm	  diameter	  (Graphitestore.com)	  with	  insulated	  
wire	   attached	   was	   pushed	   into	   the	   mud	   and	   attached	   via	   a	   700	  Ω	   external	   circuit	   to	   a	   cathode	  
(Figure	  6.1).	   The	   cathode	   was	   composed	   of	   one	   4	  cm	  x	  20	  cm	   piece	   of	   304	   stainless	   steel	   grid	  
(0.5	  mm	  wire	  diameter,	  woven	  mesh,	  www.steelandtube.co.nz)	  composed	  of:	  Fe,	  68%;	  C,	  0.08%;	  Cr,	  
18.5%;	  Mn,	  2%;	  Ni,	  10%;	  S,	  0.03%;	  P,	  0.045%;	  Si,	  1%.	  The	  grid	  was	   folded	   in	   two	  and	  placed	   in	   the	  
water	   in	   the	   top	  half	  of	   the	   flask.	  Sandwiched	  between	  the	  stainless	  steel	  grid	  and	  the	   illuminated	  
glass	  wall	  of	  the	  cylinder	  was	  a	  piece	  of	  carbon	  cloth	  about	  the	  size	  of	  the	  folded	  grid	  which	  operated	  
as	  part	  of	  the	  cathode	  (Figure	  6.1).	  The	  distance	  between	  the	  two	  elecrodes	  (top	  of	  graphite	  rod	  and	  
bottom	   of	   stainless	   steel	   grid)	   was	   about	   5	  cm.	   At	   this	   time,	   the	   bottom	   half	   of	   the	   flasks	   were	  
wrapped	   in	   aluminium	   foil	   to	   exclude	   light	   and	   avoid	   oxygen	   (electron	   acceptor)	   production	   by	  
photosynthesis	  at	  the	  anode.	  The	  current	  was	  recorded	  through	  the	  external	  circuit.	  Whenever	  the	  
water	  level	  dropped	  more	  than	  five	  centimetres,	  it	  was	  topped	  up	  with	  a	  mineral	  solution	  composed	  
of	  (per	  litre	  of	  distilled	  water):	  11.8	  g	  of	  Na2HPO4,	  2.3	  g	  of	  KH2PO4,	  0.63	  g	  of	  2-­‐bromoethanosulfonate	  
(BES),	  0.38	  g	  of	  NH4Cl,	  5	  mg	  of	  EDTA,	  11.6	  mg	  of	  MgCl2,	  5.9	  mg	  of	  MnCl2.4H2O,	  0.8	  mg	  of	  CoCl2.6H2O,	  
1.14	  mg	   of	   CaCl2.2H2O,	   0.5	  mg	   of	   ZnCl2,	   0.1	  mg	   of	   CuSO4.5H2O,	   0.1	  mg	   of	   AlK(SO4)2,	   0.1	  mg	  H3BO3,	  
0.2	  mg	  of	  Na2MoO4.2H2O,	  0.01	  mg	  Na2SeO3,	  0.1	  mg	  of	  Na2WO4.2H2O,	  0.2	  mg	  of	  NiCl2.6H2O,	  3.6	  mg	  of	  
Fe(II)-­‐Cl2.2H2O	   and	   3.6	  mg	  Na2S.9H2O,	   in	   order	   to	   provide	   extra	   nutrients	   for	   algal	   growth	  without	  
providing	  carbon	  for	  bacterial	  growth.	  The	  mineral	  solution	  contained	  BES	  as	  a	  methanogen	  inhibitor	  
to	   prevent	  methane	   (CH4)	   production	   and	  maximize	   electron	   transfer	   to	   the	   cathode.	   The	   pMFCs	  
were	  topped	  up	  with	  filter-­‐sterilized	  mineral	  solution	  until	  the	  conductivity	  reached	  3	  mS.cm-­‐1.	  After	  
that	  point,	  they	  were	  topped	  up	  with	  tap	  water	  only.	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performed	  using	  a	  6	  mm	  glassy	  carbon	  electrode	  (MF-­‐1015,	  BASi,	  IN,	  USA).	  The	  maximum	  power	  and	  
the	   internal	   resistance	   were	   determined	   using	   power	   curves.	   Power	   curves	   were	   obtained	   by	  
incrementally	   changing	   the	   external	   circuit	   resistance	   and	   recording	   the	   potential	   difference	  
between	   the	   anode	   and	   the	   cathode	   using	   a	   multimeter	   (QM1325,	   DIGITECH)	   after	   10	   minutes,	  
allowing	  time	  for	  the	  anodic	  and	  cathodic	  biofilms	  to	  adjust	  to	  this	  new	  load.	  	  
6.2.4 Measurement	  of	  physical	  parameters	  
In	  order	  to	  understand	  the	  effect	  of	  various	  physical	  parameters	  on	  the	  performance	  of	  the	  system,	  
light	   levels	  were	   recorded	  every	  10	  min	  using	  a	  HOBO®	  Pendant	   light	  data	   logger	  with	  HOBOware®	  
software	   (part	   #UA-­‐002-­‐64,	   Onset	   Computer	   Corporation,	   MA,	   USA),	   temperature	   was	   measured	  
using	  a	  digital	  thermometer	  (testoterm	  1100,	  Testo	  AG,	  Germany),	  and	  pH	  was	  measured	  using	  a	  pH	  
meter	   model	   pH6175	   (JENCO,	   CA,	   USA).	   Conductivity	   and	   dissolved	   oxygen	   concentration	   were	  
measured	   with	   a	   conductometer	   and	   luminescent	   dissolved	   oxygen	   (LDO)	   probe	   (HQ40d,	   HACH	  
pacific,	  Auckland,	  NZ).	  The	  upper	  limit	  of	  the	  LDO	  probe	  was	  22	  mg/L.	  All	  these	  measurements	  were	  
taken	   in	  the	  catholyte,	  except	   for	   the	   light	   intensity,	  which	  was	  measured	  on	  the	  side	  of	   the	  glass-­‐
measuring	  cylinder.	  
6.2.5 Investigation	  of	  temperature	  and	  dissolved	  oxygen	  concentration	  effects	  on	  
pMFC	  efficiency	  
To	  determine	  how	   the	   temperature	  and	  dissolved	  oxygen	  variations	  affect	   the	  anode	  and	  cathode	  
potentials,	  I	  independently	  varied	  the	  oxygen	  levels	  and	  the	  temperature	  while	  recording	  anode	  and	  
cathode	   potentials	   in	   closed	   circuit	   versus	   Ag/AgCl	   electrode.	   I	   removed	   the	  MFCs	   from	   the	   light	  
source	   into	   a	   dark	   room.	   After	   16	  h	   in	   the	   dark	   and	   2	  h	   at	   4°C,	   to	   characterize	   the	   system	   at	   low	  
temperature,	  current,	  anode	  and	  cathode	  potentials	  were	  recorded	  at	   low	  temperature	   (14°C)	  and	  
low	   oxygen	   level	   (6	  mg/L).	   Then,	   the	   temperature	   was	   maintained	   at	   14°C	   and	   the	   cathode	  
compartment	  was	  saturated	  with	  dissolved	  oxygen	  (concentration	  above	  22	  mg/L,	  upper	  limit	  of	  the	  
probe)	  by	  bubbling	  pure	  oxygen	  for	  10	  min.	  Current,	  anode	  and	  cathode	  potentials	  were	  recorded.	  
The	   pMFCs	   were	   then	   placed	   in	   a	   dark	   room	   at	   30°C	   for	   one	   night.	   Current,	   anode	   and	   cathode	  
potentials	   were	   recorded	   at	   high	   temperature	   (28°C)	   and	   low	   oxygen	   level	   (6	  mg/L).	   The	   cathode	  
compartment	  was	  then	  saturated	  with	  dissolved	  oxygen	  (>	  22	  mg/L,	  in	  theory,	  the	  solubility	  of	  pure	  
oxygen	   in	  water	  at	  30°C	  and	  1	  atm	  pressure	   is	  38.5	  ppm)	  by	  bubbling	  with	  pure	  oxygen	  for	  10	  min	  
before	  recording	  current,	  anode	  and	  cathode	  potentials	  again.	  
6.2.6 Effect	  of	  photosynthesis	  on	  pMFC	  performance	  	  
To	  evaluate	  the	  additional	  benefit	  of	  photosynthesis	  compared	  to	  air-­‐bubbling	  as	  a	  means	  to	  provide	  
dissolved	  oxygen	  to	  the	  cathode,	  air	  was	  pumped	   into	  the	  cathode	  chamber	  while	  maintaining	  the	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temperature	  at	  16°C	   in	   the	  dark.	  Current	  and	  cathode	  potential	   (vs	  Ag/AgCl)	  were	   recorded.	  Then,	  
the	   cathode	   chamber	  was	   illuminated	  until	   the	  dissolved	  oxygen	   concentration	   reached	   the	  upper	  
limit	  of	  the	  probe	  (22	  mg/L),	  while	  keeping	  the	  temperature	  at	  16°C.	  Current	  and	  cathode	  potential	  
(vs	  Ag/AgCl)	  were	  measured	  once	  again.	  
6.2.7 Evaluation	  of	  cathode	  performance	  using	  an	  external	  load	  sweep	  
To	  obtain	  a	  better	  understanding	  of	  the	  cathodic	  mechanism,	  a	  sweep	  of	  the	  external	  load	  from	  50	  
to	  1000	  ohms	  was	  performed	  while	  recording	  the	  anode	  and	  cathode	  potential	  separately	  in	  either	  
dissolved	  oxygen	   saturation	  or	  depletion	  conditions.	  As	   for	   the	  power	   curve	  measurement,	  10	  min	  
was	   allowed	   between	   each	   external	   resistance	   applied	   before	   independently	   recording	   the	   anode	  
and	  cathode	  potentials	  (vs	  Ag/AgCl).	  
6.2.8 Evaluation	  of	  cathode	  performance	  using	  a	  clean	  electrode	  
It	  is	  possible	  that	  the	  “green”	  biofilm	  growing	  on	  the	  cathode	  had	  a	  role	  in	  catalysing	  the	  reduction	  of	  
oxygen	  at	  the	  cathode.	  In	  order	  to	  reveal	  any	  catalytic	  activity,	  I	  replaced	  the	  cathode	  covered	  in	  the	  
“green”	  biofilm	  with	  a	  clean	  electrode	  (same	  dimension	  and	  same	  material	  but	  without	  a	  biofilm)	  in	  
dissolved	  oxygen	  saturation	  conditions.	  	  
6.2.9 Statistical	  analysis	  
Two	  replicates	  were	  used.	  Welch’s	   t-­‐test	  was	  performed	  to	  compare	   the	  cathode	  potentials	  of	   the	  
biocathode	  and	  the	  clean	  cathode.	  At	  a	  p-­‐value	  less	  than	  0.05,	  I	   interpret	  the	  cathode	  potentials	  as	  
being	   significantly	   different.	   Welch’s	   t-­‐test	   and	   standard	   deviations	   were	   calculated	   using	   the	  
software	  “R”	  (plyr	  package,	  version	  1.7.1	  (Hadley	  2011)).	  
6.3 Results	  
Over	   the	   course	   of	   the	   experiment,	   a	   highly	   diverse	   mixed	   community	   of	   algae,	   bacteria,	   ciliate	  
protista	   and	   amoebae	   grew	   attached	   to	   the	   inside	   surface	   of	   the	   illuminated	   side	   of	   the	   glass	  
measuring	  cylinders	  and	  the	  cathode	  surface,	  and	  planktonic	  algae	  were	  also	   found	  growing	   in	   the	  
water.	   The	   algal	   community	   included	   yellow-­‐green	   algae,	   diatoms,	   and	   cyanobacteria	   (Figure	  6.2).	  
Both	   pMFCs	   produced	   a	   current	   within	   one	   day	   of	   the	   graphite	   anodes	   being	   inserted	   into	   the	  
sediment.	   After	   six	  months	   of	   stable	   operation,	   the	   two	   pMFCs	   had	  maximum	  power	   densities	   of	  
approximately	  11	  mW/m2	  and	  8	  mW/m2	   (anode	  surface	  area)	   through	  an	  electrical	   load	  of	  5000	  Ω.	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6.4 Discussion	  	  
The	  vertical	  geometry	  of	  the	  sediment-­‐type	  pMFC	  is	  important	  for	  a	  better	  efficiency	  of	  the	  system	  
as	   it	   limits	  the	  negative	   impact	  of	  oxygen	  on	  anode	  performance.	  He	  et	  al.	   (2006)	  used	  a	  sediment	  
layer	   of	   0.5	  cm	   and	   observed	   a	   decrease	   of	   current	   during	   the	   day	   that	   was	   possibly	   due	   to	   the	  
presence	   of	   oxygen	   at	   the	   anode,	  while	  Malik	   et	   al.	   (2009)	   observed	   a	   positive	   impact	   of	   light	   on	  
current	   output,	   with	   a	   1.2	   cm-­‐thick	   sediment	   layer	   above	   the	   anode.	   In	   this	   study,	   a	   2	   cm-­‐thick	  
sediment	  layer	  was	  created	  above	  the	  upper	  edge	  of	  the	  anode	  and	  a	  positive	  impact	  of	  the	  light	  on	  
the	   current	   output	   was	   observed.	   It	   appears	   therefore	   that	   the	   anode	   has	   to	   be	   covered	   by	   a	  
sediment	   layer	   of	   more	   than	   0.5	   cm	   to	   prevent	   the	   presence	   of	   oxygen	   in	   its	   close	   proximity.	  
Moreover,	  wrapping	  the	  anode	  chamber	  in	  aluminium	  foil	  could	  also	  prevent	  photosynthesis	  in	  the	  
sediment,	  and	  therefore	  the	  production	  of	  oxygen	  in	  the	  proximity	  of	  the	  anode.	  The	  vertical	  design	  
of	  the	  cathode	  also	  avoids	  loading	  with	  sediment	  material,	  which	  can	  restrain	  the	  diffusion	  of	  oxygen	  
(Ryckelynck	  et	  al.	  2005).	  	  
In	   this	   pMFC,	   the	   dissolved	   oxygen	   concentration	   principally	   affects	   the	   reaction	   at	   the	   cathode,	  
while	   the	   temperature	   mainly	   influences	   the	   anodic	   process.	   Higher	   temperature	   increases	   cell	  
respiration,	   accelerating	   the	   rate	   of	   electron	   transfer	   from	   cells	   to	   the	   electrode	   and	   driving	   the	  
anode	  potential	  down.	  Under	  illumination,	  the	  photosynthetic	  biofilm	  produced	  oxygen	  right	  at	  the	  
cathode	   surface	   at	   approximately	   twice	   the	   concentration	   achieved	   by	   bubbling	   air.	   The	  
photosynthetic	   biofilm	   growing	   on	   the	   cathode	   produces	   oxygen,	   increasing	   the	   cathodic	   reaction	  
rate.	  	  
The	  biocathode	  apparently	  did	  not	  have	  any	  major	  role	  in	  catalysing	  the	  ORR	  as	  shown	  by	  the	  slight	  
effect	  on	  pMFC	  current	  of	  the	  short-­‐term	  replacement	  of	  the	  biofilm-­‐covered	  cathode	  with	  a	  clean	  
cathode	   in	   oxygen	   saturation	   conditions	   (Table	  6.1).	   Cyclic	   voltammetry	   in	   turnover	   conditions	   led	  
me	  to	  the	  same	  conclusion.	  As	  the	  voltage	  of	  the	  cathode	  decreases	  during	  the	  cyclic	  voltammetry,	  a	  
current	   is	  produced	  when	  the	  cathode	  reaches	  a	  potential	   that	  allows	  oxygen	  reduction.	  Current	   is	  
produced	   at	   about	   -­‐0.2	  V	   for	   the	   abiotic	   cathode	   and	   at	   a	   slightly	   higher	   potential	   for	   the	   biotic	  
cathode.	  A	  difference	  of	  only	  0.2	  V	  was	  observed	  between	  the	  onset	  potentials	  of	  the	  abiotic	  and	  the	  
biocathode,	  in	  comparison,	  Ter	  Heijne	  et	  al.	  (2010)	  showed	  a	  difference	  of	  0.5	  V	  using	  graphite	  plates	  
electrodes	  (onsets	  of	  the	  abiotic	  cathode	  at	  -­‐0.2	  V	  and	  biocathode	  at	  0.3	  V	  vs	  Ag/AgCl).	  In	  both	  cases	  
the	  current	  increases	  as	  the	  potential	  drops	  further	  but	  in	  the	  case	  of	  the	  abiotic	  cathode	  the	  current	  
is	   limited	   by	   the	   rate	   of	   diffusion	   of	   oxygen	   to	   the	   cathode.	   Diffusion	   limited	   current	   was	   not	  
observed	  for	  the	  biotic	  cathode.	  The	  biocathode	  and	  clean	  cathode	  were	  in	  the	  same	  catholyte,	  but	  
the	   oxygen	   concentration	  was	  maintained	   at	   the	   surface	   of	   the	   biocathode	  due	   to	   photosynthetic	  
organisms.	  Therefore,	   these	   results	   suggest	   that	   there	   is	  an	   irreversible	   reduction	  of	  oxygen	  at	   the	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clean	  cathode	  and	  the	  same	  reduction	  at	  the	  biocathode	  but	  with	  a	  higher	  surface	  concentration	  of	  
oxygen.	   Indeed,	   the	   current	   is	  higher	   for	   the	  biocathode	  and	  did	  not	   reach	   the	  diffusion	   limit	   at	   a	  
cathode	   potential	   of	   -­‐0.6	  V	   vs	   Ag/AgCl.	   Oxygen	   mass	   transfer	   is	   one	   of	   the	   main	   factors	   limiting	  
biocathode	   performance	   (Ter	   Heijne	   et	   al.	   2010).	   In	   their	   study,	   Ter	   Heijine	   et	   al.	   selected	   for	   a	  
biocathode	   that	   had	   catalytic	   behaviour	   for	   oxygen	   reduction	   under	   aeration	   with	   ambient	   air,	  
oxygen	  concentration	  of	  6.5	  mg/L.	  However,	  oxygen	  mass	  transfer	  became	  limiting	  at	  potential	  lower	  
than	  +0.2	  V	  vs	  Ag/AgCl,	  and	  the	  current	  delivered	  by	  their	  biocathode	  plateaued	  at	  300	  mA/m2	  (i.e.,	  
0.66	  mA	  with	  a	  projected	  surface	  area	  of	  22	  cm2)	   (Ter	  Heijne	  et	  al.	  2010).	  These	   results	   show	  that	  
production	  of	  oxygen	  within	  the	  cathodic	  biofilm	  by	  photosynthesis	  considerably	  reduced	  the	  effect	  
of	  mass	  transfer	  limitation.	  	  
I	   repeated	  my	   experiment	   in	   non-­‐turnover	   conditions	   (i.e.,	   in	   the	   absence	   of	   oxygen),	   in	   which	   a	  
reversible	   redox	   compound	   was	   detected	   at	   the	   biocathode	   and	   not	   at	   the	   clean	   cathode	  
(Figure	  6.8b).	  This	  suggests	  that	  an	  electro-­‐active	  species	  was	  produced	  by	  the	  biofilm	  but	  it	  was	  not	  
freely	  diffusing	  in	  the	  electrolyte,	  as	  the	  same	  catholyte	  had	  been	  tested	  with	  the	  clean	  cathode.	  To	  
check	   if	   the	   electro-­‐active	   species	  was	   confined	   inside	   the	   cathodic	   biofilm,	   a	   6	  mm	  glassy	   carbon	  
electrode	  was	   introduced	   in	   close	  proximity	  of	   the	  biofilm,	  but	  no	   redox	  mediators	  were	  detected	  
(data	  not	  shown).	  The	  electro-­‐active	  species	  is	  then	  likely	  to	  be	  adsorbed	  at	  the	  cathode	  surface,	  but	  
further	  study	  is	  required	  to	  prove	  this	  (e.g.	  peak	  height	  analysis).	  	  
The	  mid-­‐point	  potential	  of	  the	  reversible	  redox	  compound	  corresponds	  to	  the	  onset	  of	  the	  catalytic	  
current	   in	   turnover	  conditions	   (inset	  Figure	  6.8b),	  suggesting	  that	   the	   first	  step	  of	  electron	  transfer	  
from	   the	   electrode	   to	   the	   biofilm	   may	   be	   carried	   out	   by	   this	   electro-­‐active	   species.	   The	   redox	  
compounds	  are	  likely	  to	  be	  present	  at	  the	  outer	  membrane	  of	  certain	  species	  in	  the	  biofilm,	  as	  they	  
are	   not	   freely	   diffusing	   in	   the	   catholyte.	   The	   onset	   of	   the	   catalytic	   current	   is	   indeed	   close	   to	   the	  
potential	  of	  some	  of	  the	  multi-­‐heme	  cytochromes	  of	  the	  outer	  membrane	  of	  Shewanella	  oneidensis	  
(e.g.	  OmcA	  and	  MtrC)	  (Firer-­‐Sherwood	  et	  al.	  2008).	  In	  their	  work,	  Firer-­‐Sherwood	  et	  al.	  showed	  that	  
OmcA	  and	  MtrC	  have	  a	  broad	  range	  of	  potentials	  of	  approximately	  300	  mV	  from	  -­‐0.2	  V	  to	  -­‐0.5	  V	  vs	  
Ag/AgCl	  and	  Freguia	  et	  al.	  (2010)	  showed	  that	  Shewanella	  putrefaciens	  was	  able	  to	  catalyse	  oxygen	  
reduction	   by	   receiving	   electrons	   from	   the	   electrode	   via	   membrane	   associated	   compounds	   at	   a	  
potential	  slightly	  less	  than	  0	  V	  vs	  Ag/AgCl.	  The	  electro-­‐active	  species	  present	  at	  my	  biocathode	  could	  
be	  multi-­‐heme	  cytochromes,	  but	  identification	  of	  the	  microorganism	  producing	  this	  redox	  compound	  
is	   still	   needed.	  The	  cathodic	  biofilm	  was	  made	  of	  a	   complex	   community	  of	  bacteria,	   cyanobacteria	  
and	   algae	   coexisting	   together.	   Within	   the	   mixed	   community	   of	   microorganisms	   growing	   at	   the	  
cathode	   surface,	   a	   minority	   seem	   to	   be	   electrically	   connected	   to	   the	   cathode,	   as	   electronic	  
interaction	  of	  the	  biofilm	  with	  the	  cathode	  has	  only	  a	  minor	  effect	  on	  the	  oxygen	  reduction	  reaction.	  
It	   is	   likely	  that	   in	  my	  pMFC	  the	  electron	  transfer	  between	  the	  cathode	  and	  oxygen	  is	  not	  efficiently	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catalysed	  by	   the	  biofilm	  but	  primarily	  occurs	  spontaneously	  at	   the	  cathode	  surface	  and	   it	   is	   simply	  
encouraged	  by	  photosynthesis	  in	  close	  proximity.	  
6.5 Conclusion	  	  
This	   study	   advances	   our	   knowledge	   of	   the	   functioning	   of	   sediment-­‐type	   photosynthetic	  MFCs	   and	  
the	  impact	  of	  temperature	  and	  dissolved	  oxygen	  concentrations	  on	  their	  performance.	   I	  found	  that	  
temperature	  had	  an	  impact	  on	  the	  anode	  potential,	  boosting	  the	  metabolism	  of	  the	  anodic	  biofilm,	  
facilitating	   faster	   transfer	   of	   electrons	   from	   cells	   to	   the	   electrode	   and	   so	   lowering	   the	   anode	  
potential.	  The	  production	  of	  oxygen	   in	  close	  proximity	  to	  the	  cathode	  under	   illumination	   increased	  
the	  efficiency	  of	  the	  cathode	  compared	  to	  the	  performance	  achievable	  with	  aeration.	  Oxygen	  mass	  
transfer	   is	   one	   of	   the	  main	   factors	   limiting	   biocathode	   performance.	   I	   showed	   that	   production	   of	  
oxygen	   right	   at	   the	   cathode	   surface	   by	   photosynthesis	   offers	   a	   potential	   solution	   to	   oxygen	  mass	  
transfer	   limitation.	   Experiments	   in	   the	   dark,	   in	   the	   absence	   of	   oxygen,	   reveal	   a	   reversible	   redox	  
compound	  confined	  in	  the	  biofilm.	  However,	  the	  photosynthetic	  biofilms	  grown	  in	  this	  study	  did	  not	  
appear	  to	  facilitate	  ORR	  efficiently,	  since	  a	  clean	  electrode,	  without	  the	  biofilm,	  performed	  similarly	  
in	   the	   same	  conditions	   (artificially	  oxygen	   saturated).	   The	  enhancement	  of	   the	   current	  output	  was	  
then	  mostly	  due	  to	  high	  production	  of	  dissolved	  oxygen	  by	  photosynthesis,	  but	  not	  to	  biocatalysis.	  
Photosynthetic	  biocathodes	  are	  promising	  in	  MFCs	  as	  they	  eliminate	  the	  cost	  of	  expensive	  catalysts	  
and	   reduce	   the	   limitations	   imposed	   by	   oxygen	  mass	   transfer.	   They	   are	   also	   able	   to	   run	   for	  many	  
months	  without	   complex	  artificial	  media	  or	  buffer	   top-­‐up	   (just	  water	   to	   compensate	  evaporation).	  
They	   open	   the	   way	   for	   future	   development	   of	   energy-­‐efficient,	   reliable	   appliances	   functioning	   in	  
remote	  areas.	  	  
The	   presence	   of	   the	   redox	   compound	   within	   the	   cathodic	   biofilm	   raised	   the	   question:	   did	   the	  
cathode	   potential	   select	   for	   a	   specific	   biofilm	   capable	   of	   electronic	   interaction	  with	   the	   electrode	  
through	  the	  production	  of	  redox	  compounds?	  Chapter	  7	  aimed	  to	  answer	  that	  question.	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Chapter	  7	  
Selection	  of	  photosynthetic	  cathode	  
communities	  in	  sediment-­‐type	  microbial	  fuel	  
cells	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7.1 Introduction	  
Biofilms	   able	   to	   use	   electrodes	   as	   electron	   donors	   are	   of	   particular	   interest	   for	   the	   biocatalysis	   of	  
oxygen	   reduction	   (Erable	  et	  al.	  2012),	   the	  biosynthesis	  of	  high	  value	  compounds	   such	  as	  hydrogen	  
(Aulenta	  et	  al.	  2012),	  the	  sustainable	  treatment	  of	  wastewater	  or	  bioremediation	  (Rosenbaum	  et	  al.	  
2011).	   Oxygen,	   nitrate	   and	   chlorinated	   organic	   compounds	   are	   highly	   electro-­‐positive	   electron	  
acceptors	  (Freguia	  et	  al.	  2010,	  Lefebvre	  et	  al.	  2008,	  Strycharz	  et	  al.	  2008)	  that	  allow	  microorganisms	  
to	  take	  up	  electrons	  from	  an	  electrode	  across	  a	  broad	  range	  of	  electric	  potentials,	  while	  maintaining	  
their	   respiration	   (i.e.,	   ATP	   production).	   Rosenbaum	   et	   al.	   (2011)	   mentioned	   that	   the	   majority	   of	  
metabolic	  processes	  catalyzed	  by	  biocathodes	  typically	  involve	  microorganisms	  capable	  of	  catalyzing	  
the	   reversible	   production	   and	   oxidation	   of	   hydrogen	   (H2),	   and	   thus,	   possess	   hydrogenases.	   In	  
particular,	  sulfate-­‐reducing	  bacteria	  such	  as	  Desulfovibrio	  sp.	  have	  attracted	  much	  intention	  in	  recent	  
years	  (Aulenta	  et	  al.	  2012).	  Knowing	  that	  the	  outer	  membrane	  of	  Desulfovibrio	  sp.	  contains	  different	  
types	  of	   cytochromes	   involved	   in	  a	   redox	  partnership	  with	  hydrogenases,	  Rosenbaum	  et	  al.	   (2011)	  
suggested	   that	   c-­‐type	   cytochromes,	  often	   together	  with	  hydrogenases,	  play	  a	   critical	   role	   in	  direct	  
cathodic	  electron	  transfer.	  	  
In	   the	   Chapter	  6,	   I	   observed	   an	   electronic	   interaction	   between	   a	   photosynthetic	   biofilm	   and	   the	  
cathode	  it	  was	  growing	  on.	  Cyclic	  voltammetry	  performed	  on	  the	  cathode	  in	  the	  absence	  of	  oxygen	  
revealed	  a	  reversible	  redox	  compound	  confined	  in	  the	  cathodic	  biofilms	  (see	  Chapter	  6,	  Figure	  6.8).	  
The	  presence	  of	  an	  electro-­‐active	  community	  on	  the	  cathode	  was	  suspected	  even	  though	  it	  did	  not	  
play	  a	  major	  role	  in	  the	  biocatalysis	  of	  the	  oxygen	  reduction	  at	  the	  cathode	  surface.	  It	  is	  possible	  that	  
the	   cathode	   selected	   for	   an	   electro-­‐active	   community	   that	   would	   not	   otherwise	   have	   naturally	  
grown.	   To	   see	   if	   a	   cathode,	   in	   these	   experimental	   conditions,	   could	   select	   for	   a	   specific	   “cathode	  
community”,	  an	  experiment	  was	  set-­‐up.	  Smaller	  volume	  sediment-­‐type	  microbial	  fuel	  cells	  (15	  mL	  vs	  
500	  mL	   used	   in	   Chapter	  6,	   for	   practical	   reason)	   were	   used	   to	   grow	   the	   photosynthetic	   cathodic	  
biofilms	  either	  in	  open	  circuit	  (i.e.,	  the	  cathode	  disconnected	  from	  the	  anode)	  or	  in	  closed	  circuit	  (i.e.,	  
the	   cathode	   connected	   to	   the	   anode	   through	   an	   external	   resistance).	   In	   an	   open	   circuit	   (OC),	   the	  
cathode	  only	  acts	  as	  a	  passive	  support	  as	  no	  electrons	  flow	  from	  the	  anode.	  In	  contrast,	  the	  cathode	  
in	  a	  closed	  circuit	  (CC)	  is	  electrically	  charged.	  
I	   compared	   the	   electrochemical	   properties	   of	   the	   biofilms	   formed	   at	   the	   OC	   and	   CC	   cathodes	   of	  
sediment	  MFCs	  by	  recording	  cathode	  potentials	  and	  performing	  cyclic	  voltammetry.	  The	  differences	  
in	   bacterial	   and	   algal	   communities	   compositions	   of	   these	   biofilms	   were	   also	   investigated	   using	  
molecular	  methods	  such	  as	  T-­‐RFLP,	  ARISA,	  cloning	  and	  Geobacter	  specific	  PCR.	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7.2 Methods	  
7.2.1 Small	  photosynthetic	  microbial	  fuel	  cell	  set-­‐up	  
Twelve	   sediment-­‐type	  photosynthetic	  microbial	   fuel	   cells	   (pMFCs)	  were	   set-­‐up	   in	  15	  mL	   test	   tubes	  
using	  the	  same	  design	  as	  the	  500	  mL	  pMFC	  previously	  described	  in	  section	  6.2.1.	  Graphite	  rods	  with	  
surface	   areas	   of	   5.81	  cm2	   were	   buried	   in	   the	   soil	   sediment,	   as	   the	   anode.	   Carbon	   cloth	   with	   a	  
projected	  surface	  area	  of	  8	  cm2	  and	  stainless	   steel	  grid	  were	  assembled	   together	  and	   immersed	   in	  
the	   cathode	   chamber.	   The	   cathode	   chamber	   was	   topped	   up	   with	   the	   same	   mineral	   solution	   as	  
previously	   described	   (section	   6.2.1).	   Six	   pMFCs	   were	   operated	   in	   open	   circuit,	   meaning	   that	   the	  
anodes	  were	  not	  connected	  to	  the	  cathodes.	   In	  the	  six	  other	  pMFCs,	   the	  anodes	  and	  the	  cathodes	  
were	  connected	  together	  through	  a	  50	  Ω	  resistor	  (closed	  circuit).	  The	  twelve	  pMFCs	  were	  randomly	  
positioned	  on	   two	   racks	  beside	  a	  north-­‐facing	  window	   in	   the	   laboratory,	   as	  depicted	   in	   Figure	  7.1.	  
The	  cathodic	  biofilms	  were	   left	   to	  develop	   for	  6	  months	  before	  being	  characterized.	  The	  pH	  of	   the	  
catholyte	  was	  regularly	  measured	  using	  a	  pH	  meter	  model	  pH6175	  (JENCO,	  CA,	  USA).	  Tap	  water	  was	  
regularly	  added	  to	  the	  cathode	  compartments	  to	  compensate	  for	  evaporation.	  
	  
Figure	  7.1	   Random	  distribution	  of	  twelve	  small	  pMFCs	  in	  two	  tubes	  racks	  beside	  a	  north-­‐
facing	  window.	  O:	  open	  circuit,	  C:	  closed	  circuit.	  
	  
7.2.2 Electrochemical	  analysis	  
The	   cathode	   and	   anode	   potentials	   (versus	   Ag/AgCl)	   were	   recorded	   every	   10	  min	   by	   the	   same	   4-­‐
channel	   potentiostat	   and	   same	   software	   as	   previously	   described	   (Chapter	  6,	   section	  6.2.3).	   Cyclic	  
voltammetry	  was	  performed	  on	  the	  cathodes	  using	  an	  EC	  epsilon	  potentiostat	   (BASi,	   IN,	  USA).	  The	  
15	  mL	   tubes	   were	   too	   small	   to	   accommodate	   a	   three	   electrode	   configuration,	   therefore,	   the	  
cathodes	  were	  transferred	  in	  100	  mL	  flasks	  filled	  with	  0.1	  M	  phosphate	  buffer	  containing	  a	  Ag/AgCl	  
reference	   electrode	   and	   a	   graphite	   rod	   auxilliary	   electrode.	   The	   turnover	   voltammograms	   were	  
obtained	  over	  a	  scan	  range	  of	  -­‐0.8	  V	  to	  +0.3	  V	  at	  a	  scan	  rate	  of	  10	  mV/s,	  after	  bubbling	  the	  phosphate	  
buffer	  with	  pure	  oxygen	   for	   5	  min.	   The	  non-­‐turnover	   voltammograms	  were	  performed	   in	   the	  dark	  
under	  nitrogen	  bubbling	  at	  a	  scan	  rate	  of	  2	  mV.s-­‐1	  over	  a	  scan	  range	  of	  -­‐0.6	  V	  to	  0.2	  V.	  The	  cathodes	  
were	  poised	  at	  -­‐0.36	  V	  vs	  Ag/AgCl	  overnight	  to	  reproduce	  the	  conditions	  in	  the	  pMFC	  prior	  to	  cyclic	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previously	  poised	  at	  -­‐0.6	  V	  vs	  Ag/AgCl	  overnight	  in	  phosphate	  buffer.	  At	  the	  end	  of	  the	  experiment,	  
half	   of	   one	   of	   the	   CC	   cathodes	   was	   exposed	   to	   a	   mixture	   of	   antibiotics	   containing:	   ampicillin	  
100	  µg/mL,	  gentamycin	  sulfate	  20	  µg/mL,	  kanamycin	  100	  µg/mL,	  streptomycin	  sulphate	  100	  µg/mL,	  
erythromycin	  20	  µg/mL	  and	   tetracycline	  10	  µg/mL,	   to	  determine	   if	   the	   reduction	  peak	  observed	   in	  
non-­‐turnover	  voltammograms	  was	  due	  to	  bacterial	  activity.	  After	  a	  delay	  of	  10	  min,	  to	  allow	  for	  the	  
antibiotics	  to	  take	  effect,	  cyclic	  voltammetry	  was	  performed	  again	  as	  described	  above.	  
7.2.3 Estimation	  of	  chlorophyll	  a	  concentration	  for	  algal	  biomass	  analyses	  	  
Chlorophyll	  a	  is	  a	  pigment	  abundant	  in	  most	  periphytic	  algae	  including	  cyanobacteria.	  It	  has	  become	  
standard	   procedure	   to	   assay	   the	   quantity	   of	   chlorophyll	   a	   as	   a	   measure	   of	   the	   live	   biomass	   of	  
photosynthetic	   eukaryotes.	   The	   procedure	   used	   in	   this	   study	   is	   based	   on	   Sartory	   and	   Grobbellar	  
(1984).	  The	  carbon	  cloth	  electrodes	  were	  cut	  in	  half,	  horizontally.	  The	  upper	  half	  of	  the	  carbon	  cloth	  
cathodes	   were	   used	   for	   chlorophyll	   a	   quantification,	   the	   lower	   half	   were	   reserved	   for	   counting	  
diatoms	  and	  DNA	  extraction.	  The	  half-­‐cathodes	  were	  gently	  rinsed	  with	  sterile	  water	  and	  placed	   in	  
sealed	   falcon	   tubes	   filled	   with	   6	  mL	   of	   90%	   ethanol.	   The	   tubes	   were	   boiled	   at	   78˚C	   for	   5	  min	   to	  
increase	   the	   efficiency	   of	   chlorophyll	   extraction	   and	   destroy	   enzymes,	   making	   the	   chlorophyll	  
relatively	   stable	   when	   in	   storage.	   The	   samples	   were	   refrigerated	   overnight	   and	   centrifuged	   at	  
6800	  x	  g	   for	   10	  min	   to	   remove	   particulates	   from	   the	   solution.	   A	   volume	   (2	  mL)	   of	   the	   centrifuged	  
samples	  were	  pipetted	  into	  plastic	  cuvettes	  and	  the	  background	  turbidity	  and	  pigment	  concentration	  
were	  measured	   on	   a	   spectrophotometer	   (Helios	   alpha,	   Thermo	   Spectronic)	   at	   absorbances	   of	   750	  
and	  665	  nm	  respectively.	  The	  samples	  were	  acidified	  to	  convert	  the	  chlorophyll	  a	  to	  phaeopigments	  
by	   injection	   of	   0.05	  mL	   of	   0.3	  M	   HCl	   in	   the	   cuvette	   and	   the	   absorbances	   were	   read	   again.	   After	  
correction	  for	  the	  presence	  of	   turbidity	  and	  phaeopigments,	   the	  chlorophyll	  a	  concentrations	  were	  
calculated	  by	  multiplying	  by	  the	  absorption	  coefficient,	  28.66,	  as	  defined	  by	  Sartory	  and	  Grobbelaar	  
(1984).	  In	  this	  study,	  the	  chlorophyll	  a	  concentrations	  are	  given	  in	  mg/m2,	  projected	  cathode	  surface	  
area	  of	  0.0008	  m2,	  ±	  standard	  deviation	  with	  n=6.	  
7.2.4 Diatom	  counts	  
The	  photosynthetic	  biofilms	  on	   the	   remaining	  halves	  of	   the	   cathodes	  were	   scraped	  off	   the	   carbon	  
cloths	   using	   sterile	   scalpels	   and	   re-­‐suspended	   in	   2	  mL	   of	   sterile	  water.	   Drops	   of	   50	  µl	   of	   the	  well-­‐
mixed	  suspension	  were	  pipetted	  onto	  clean	  coverslips	  (6	  coverslips	  per	  sample)	  and	  allowed	  to	  air-­‐
dry	  for	  two	  weeks.	  The	  remaining	  volume	  (~1.5	  mL)	  of	  suspension	  was	  used	  for	  DNA	  extraction.	  The	  
coverslips	  were	  transferred	  to	  a	  crucible	  and	  heated	  at	  400°C	  for	  about	  an	  hour	  in	  a	  muffle	  furnace	  
to	  burn	  off	  the	  organic	  matter,	   leaving	  behind	  only	  the	  silica	  frustules	  of	  the	  diatoms.	  Once	  cooled,	  
the	   coverslips	   were	   mounted	   on	   clean	   glass	   slides	   using	   Naphrax-­‐toluene	   solution	   (Northern	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Biological	  Supplies,	  UK).	  Finally,	  diatom	  frustules	  were	  counted	  from	  three	  random	  views	  per	  sample	  
using	  a	  Leica	  DMLB	  compound	  microscope	  at	  400x	  magnification.	  	  
7.2.5 DNA	  extraction	  
DNA	  extraction	  was	  carried	  out	  using	  an	  automated	  Maxwell®	  16	  System	  (Promega).	  Cell	  suspensions	  
(1.5	  mL)	  from	  cathodic	  biofilms	  were	  centrifuged	  at	  maximum	  speed	  for	  5	  min	  and	  the	  pellets	  were	  
resuspended	  in	  1	  mL	  of	  buffer	  from	  the	  first	  well	  of	  a	  Maxwell®	  cartridge.	  The	  tubes	  were	  heated	  at	  
65°C	   to	   limit	  enzymatic	  damage	   to	   the	  DNA	  while	  grinding	   the	  cells	  with	  a	   sterile	  mini-­‐pestle	  until	  
aggregates	  were	  no	   longer	  visible.	  The	  homogenized	   solution	  was	   transferred	   into	   the	   first	  well	  of	  
the	  Maxwell	  cartridge	  before	  the	  automated	  Maxwell®	  16	  System	  was	  started.	  Once	  extracted,	  the	  
DNA	  was	  purified	  through	  a	  standard	  clean-­‐up	  column	  by	  loading	  the	  DNA/binding	  buffer	  mix	  on	  the	  
column	  and	  centrifuged	  30	  sec	  at	  1400	  g.	  The	  DNA	  attached	  on	  the	  column	  was	  washed	  with	  buffer	  
before	   being	   eluted	   with	   40	   µL	   of	   pure	   PCR	   water	   and	   stored	   at	   -­‐20˚C.	   The	   extracted	   DNA	   was	  
quantified	   by	   spectrophotometry	   (NanoDrop®	   ND-­‐1000)	   and	   the	   concentration	   was	   adjusted	   to	  
10	  ng/µL	  in	  all	  samples	  using	  sterile	  water	  prior	  to	  population	  profiling	  analyses.	  
7.2.6 Automated	  Ribosomal	  Intergenic	  Spacer	  Analysis	  (ARISA)	  
ARISA	  was	  used	  to	  compare	  the	  bacterial	  community	  profiles	  of	  the	  open	  and	  closed	  circuit	  cathodic	  
biofilms.	   It	  was	  performed	  as	  previously	  described	   in	   section	  2.2.7.	  Only	  peaks	  with	  a	   fluorescence	  
value	  of	  100	  U	  were	  subsequently	  analysed,	   the	   total	  area	  under	   the	  curve	  was	  normalised	   to	  100	  
and	  peak	  size	  was	  rounded	  to	  the	  nearest	  whole	  number.	  Using	  this	  approach,	  each	  peak	  between	  
150	   and	   1000	  bp	   of	   the	   electropherograms	   represents	   an	   OTU	   of	   the	   bacterial	   community.	   The	  
height	  of	  each	  peak	  indicates	  the	  relative	  abundance	  of	  that	  OTU	  within	  the	  community.	  
7.2.7 Terminal	  Restriction	  Fragment	  Length	  Polymorphism	  (T-­‐RFLP)	  	  
T-­‐RFLP	  is	  a	  semi-­‐quantitative	  molecular	  fingerprinting	  technique,	  similar	  to	  ARISA,	  and	  was	  used	  for	  
eukaryote	   population	   profiling.	   Using	   this	   procedure,	   fluorescently	   labelled	   PCR	   products	   are	  
digested	  with	  one	  or	  more	  restriction	  enzymes,	  resulting	  in	  the	  production	  of	  fluorescently	  labelled	  
terminal	  fragments,	  which	  can	  be	  automatically	  detected	  using	  a	  genetic	  analyser.	  This	  results	  in	  the	  
generation	   of	   electropherograms	   in	  which	   the	   number	   of	   peaks	   indicates	   the	   number	   of	   different	  
terminal	  fragments	  present,	  while	  the	  height	  and	  area	  of	  peaks	  indicate	  their	  relative	  abundance.	  As	  
terminal	  fragment	  length	  varies	  across	  taxa,	  these	  data	  provide	  a	  profile	  of	  community	  structure	  for	  
each	   sample	   (Dopheide	   et	   al.	   2009).	   Here,	   this	   method	   was	   used	   to	   obtain	   18S	   rRNA	   gene	  
fingerprints	   of	   photosynthetic	   biofilms	   growing	   on	   the	   surface	   of	   biocathodes	   in	   photosynthetic	  
MFCs.	   The	   18S	   rRNA	   gene	   fragments	   were	   amplified	   using	   primers	   which	   were	   labelled	   with	   the	  
fluorochromes	   HEX	   or	   FAM	   at	   the	   5’	   end:	   Gen18sF2	   (HEX-­‐CCAWGGAAGGCAGCAGGCGC)	   and	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Gen18sR1	  (FAM-­‐TCCTTGGYAAATGCTT-­‐TCGC).	  The	  DNA	  concentration	  of	  PCR	  products	  was	  adjusted	  
to	  100	  ng/µL	  and	  the	  labelled	  PCR	  fragments	  were	  digested	  with	  the	  restriction	  endonucleases	  HaeIII	  
(GGCC)	  and	  RsaI	  (GTAC)	  (Invitrogen).	  A	  quantity	  (300-­‐400	  ng)	  of	  DNA	  was	  mixed	  with	  at	  least	  5	  U	  of	  
each	  enzyme,	  10%	  (vol./vol.)	  of	  reaction	  buffer	  (React®	  1,	  Invitrogen)	  and	  complete	  to	  a	  final	  volume	  
of	   10	  µL	   with	   sterile	   water.	   The	   reaction	   mix	   was	   incubated	   at	   37°C	   for	   1	  h	   in	   a	   waterbath.	   The	  
terminal	   restriction	   fragments	   were	   size	   fractionated	   on	   a	   3130XL	   genetic	   analyser	   (Applied	  
Biosystems)	   alongside	   a	   size	   standard	   with	   markers	   at	   20	  bp	   intervals	   up	   to	   1200	  bp	   (LIZ1200;	  
Applied	  Biosystems).	  This	  resulted	  in	  the	  generation	  of	  peak	  profiles	  representing	  the	  abundance	  of	  
HEX-­‐	   and	   FAM-­‐labeled	   terminal	   fragments,	   which	   were	   analyzed	   using	   GeneMapper	   4.0	   (Applied	  
Biosystems),	   which	   automatically	   calculates	   the	   number,	   height,	   and	   area	   of	   peaks	   and	   their	  
corresponding	   fragment	   lengths	   (in	   base	   pairs).	   Profiles	   from	   two	   runs	   of	   each	   sample	   were	  
compared	  to	  check	  for	  consistency,	  and	  any	  inconsistent	  results	  were	  discarded.	  T-­‐RFLP	  peaks	  with	  a	  
height	  of	  ≤50	  relative	  fluorescence	  units	  and	  a	  length	  of	  less	  than	  10	  bp	  were	  excluded	  from	  analysis	  
to	  eliminate	  background	   interference.	  Each	   remaining	  peak	  was	  presumed	  to	   represent	  a	  different	  
terminal	   restriction	   fragment	   and	  hence	   a	   different	   algae-­‐derived	   18S	   rRNA	   gene	   sequence.	   Peaks	  
representing	   terminal	   fragments	   in	   excess	   of	   650	   bp	   in	   length	   were	   assumed	   to	   represent	   PCR	  
products	  that	  were	  not	  cut	  during	  restriction	  digestion.	  The	   length	  (in	  base	  pairs)	  and	  area	  of	  HEX-­‐	  
and	   FAM-­‐labeled	   peaks	   in	   each	   T-­‐RFLP	   profile	  were	   imported	   into	  Microsoft	   Excel.	   Peak	   positions	  
were	  rounded	  to	  the	  nearest	  whole	  number,	  and	  the	  overall	  area	  of	  each	  profile	  was	  standardized	  to	  
1,	  to	  ensure	  comparability	  between	  samples.	  
7.2.8 Statistical	  analyses	  	  
Student	  t-­‐test	  
Welch’s	   t-­‐test	   was	   performed	   to	   compare	   the	   chlorophyll	   a	   concentrations	   between	   OC	   and	   CC	  
samples	   (6	   replicates	  per	   sample),	   the	  quantity	  of	  diatoms	   in	   these	   two	  samples	   (18	   replicates	  per	  
sample)	   and	   their	   pH	   (6	   replicates	   per	   sample).	  Welch’s	   t-­‐test	   is	   an	   adaptation	   of	   Student's	   t-­‐test	  
intended	  for	  use	  with	  two	  samples	  having	  possibly	  unequal	  variances.	  Welch’s	  t-­‐tests	  were	  calculated	  
using	  the	  excel	  function	  (T.TEST).	  Two-­‐tailed	  t-­‐tests	  were	  performed	  assuming	  unequal	  variance.	  At	  a	  
p	  <	  0.05,	  I	  interpret	  the	  data	  of	  OC	  and	  CC	  samples	  as	  being	  significantly	  different.	  
Analysis	  of	  similarities	  
Multivariate	   analyses	   were	   carried	   out	   with	   Primer	   v6.1.12	   (Primer-­‐E	   Ltd.,	   Plymouth,	   United	  
Kingdom)	  on	  the	  T-­‐RFLP	  and	  ARISA	  profiles.	  Bray-­‐Curtis	  similarity	  between	  all	  pairs	  of	  biofilm	  samples	  
was	   calculated.	   Similarities	   and	   differences	   among	   algal/bacterial	   communities	   were	   visualized	   by	  
nonmetric	   multidimensional	   scaling	   (MDS),	   which	   clusters	   samples	   with	   higher	   levels	   of	   pairwise	  
similarity	  more	  closely	  than	  samples	  with	  lower	  pairwise	  similarity.	  Analysis	  of	  similarities	  (ANOSIM)	  
	   158	  
was	   used	   to	   test	   the	   null	   hypotheses	   of	   no	   significant	   differences	   between	   algal/bacterial	  
communities	  from	  OC	  and	  CC	  biocathodes.	  ANOSIM	  compares	  within-­‐group	  similarity	  and	  between-­‐
group	  similarity;	  p-­‐values	  <	  0.05	  indicates	  that	  samples	  within	  groups	  are	  more	  similar	  to	  each	  other	  
than	  to	  samples	  from	  different	  groups,	  allowing	  the	  null	  hypothesis	  to	  be	  rejected	  (Clarke	  1993).	  
7.2.9 Cloning	  and	  DNA	  sequencing	  
Cloning	   and	   sequencing	  were	   performed	   on	   16S	   rRNA	   gene	   fragments	   of	   one	   CC	   cathodic	   biofilm	  
having	   an	  ARISA	  profile	   representative	   of	   the	  other	   CC	  biofilms.	   The	  protocol	   used	  was	  previously	  
described	  in	  2.2.9.	  
7.2.10 Amplification	  of	  Geobacter	  sp.	  16S	  rRNA	  gene	  fragments	  
Amplification	  of	  16S	  rRNA	  genes	  of	  Geobacter	  sp.	  was	  performed	  on	  open	  and	  closed	  circuit	  pMFC	  
cathodic	   biofilms	   to	   reveal	   the	  presence	  of	  Geobacter	   sp.	  Geobacter-­‐specific	  DNA	   sequences	  were	  
amplified	  using	  BIOTAQ™	  PCR	  kit	  (Bioline),	  the	  PCR	  primers	  Geo564F	  (5'-­‐AAG	  CGT	  TGT	  TCG	  GAW	  TTA	  
T-­‐3')	   and	   Geo840R	   (5'-­‐GGC	   ACT	   GCA	   GGG	   GTC	   AAT	   A-­‐3')	   and	   the	   following	   PCR	   conditions,	   as	  
described	  by	   Cummings	   et	   al.	   (2003):	   (i)	   94°C	   for	   4	  min;	   (ii)	   40	   cycles	   of	   94°C	   for	   30	  s,	   touchdown	  
from	  65°C	   to	  55°C	   in	  0.5°C	   increments	  over	  20	   steps	   for	  30	  s,	   72°C	   for	  30	  s,	   and	   then	   (iii)	   72°C	   for	  
7	  min.	  PCR	  products	  were	  then	  size	  fractionated	  on	  an	  0.7%	  agarose	  gel	  and	  visually	  compared	  to	  a	  
positive	  control	   containing	  PCR	   fragments	  of	  Geobacter	  psychrophilus	  16S	   rRNA	  genes	  amplified	  at	  
the	  same	  time.	  
7.2.11 Amplification	  of	  Desulfovibrio	  sp.	  16S	  rRNA	  gene	  fragments	  
Amplification	  of	  16S	  rRNA	  genes	  of	  Desulfovibrio	  sp.	  was	  also	  performed	  on	  open	  and	  closed	  circuit	  
pMFC	  cathodic	  biofilms.	  Desulfovibrio-­‐specific	  DNA	  sequences	  were	  amplified	  using	  BIOTAQ™	  PCR	  kit	  
(Bioline),	  the	  PCR	  primers	  DSV691F	  (5'-­‐CCG	  TAG	  ATA	  TCT	  GGA	  GGA	  ACA	  TCA	  G-­‐3')	  and	  DSV826R	  (5'-­‐
ACA	  TCT	  AGC	  ATC	  CAT	  CGT	  TTA	  CAG	  C-­‐3')	  and	  the	  following	  PCR	  conditions,	  as	  described	  by	  Fite	  et	  al.	  
(2004):	  (i)	  95°C	  for	  3	  min;	  (ii)	  35	  cycles	  of	  95°C	  for	  1	  min,	  62°C	  for	  1	  min,	  72°C	  for	  45	  s,	  and	  then	  (iii)	  
72°C	  for	  5	  min.	  PCR	  products	  of	  135	  bp	  were	  then	  size	  fractionated	  on	  an	  0.7%	  agarose	  gel.	  	  
	  
7.3 Results	  
7.3.1 Electrochemical	  analysis	  
The	   cathode	   potentials	   of	   the	   open	   circuit	   (OC)	   and	   closed	   circuit	   (CC)	   pMFCs	   varied	   diurnally,	  
increasing	   during	   the	   day	   (becoming	   more	   positive)	   and	   decreasing	   at	   night	   (becoming	   more	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cathode.	  In	  order	  to	  see	  if	  there	  were	  differences	  in	  the	  communities,	  the	  population	  profiles	  of	  the	  
OC	  and	  CC	  cathodic	  biofilms	  were	  characterized.	  	  
7.3.2 Characterization	  of	  photosynthetic	  biomass	  in	  OC	  and	  CC	  biocathodes	  	  
The	  chlorophyll	  a	   concentration	  of	   the	  CC	  biofilms	  was	  113	  ±	  47	  mg/m2,	  projected	  cathode	  surface	  
area,	  and	  99.5	  ±	  38.5	  mg/m2	   for	   the	  OC	  biofilms.	  According	   to	   the	   student	   t-­‐test,	   the	  chlorophyll	  a	  
concentrations	  in	  the	  two	  biofilms	  were	  not	  significantly	  different	  (p-­‐value	  =	  0.59).	  This	  result	  implies	  
that	  the	  photosynthetic	  microorganisms	  are	  growing	  at	  the	  cathode	  independently	  of	  whether	  it	  is	  in	  
open	  circuit	  or	  closed	  circuit.	  	  
However,	   a	  difference	   in	   the	  number	  of	  diatoms	  was	  observed	  with	  an	  average	  of	  33	  diatoms	  per	  
view	  counted	  for	  the	  OC	  cathodic	  biofilms	  against	  only	  8	  diatoms	  for	  the	  CC	  biofilms.	  The	  CC	  biofilms	  
contain	   significantly	   less	   diatoms	   than	   the	   OC	   biofilms	   (p-­‐value	  <	  0.01).	   Diatoms	   are	   known	   to	   be	  
particularly	  sensitive	  to	  pH	  variations.	  The	  pH	  of	  the	  OC	  and	  CC	  catholytes	  were	  measured	  during	  the	  
day,	   reaching	   an	   average	   of	   7.75	   and	   7.94	   respectively.	   The	   pH	   of	   the	   catholytes	   was	   similar	   (p-­‐
value	  =	  0.3)	  and	  slightly	  basic	  due	  to	  photosynthesis.	  
7.3.3 Comparison	  of	  OC	  and	  CC	  eukaryotes	  communities	  
Statistical	  analysis	  of	  the	  T-­‐RFLP	  profiles	  resulted	  in	  p-­‐values	  of	  0.381	  and	  0.517	  for	  HEX-­‐fluorophore	  
and	  FAM-­‐fluorophore	   respectively.	   This	   indicates	   that	   there	   is	  no	   significant	  difference	   in	   the	  algal	  
communities	  of	  the	  OC	  and	  CC	  cathodic	  biofilms.	  The	  results	  are	  in	  accordance	  with	  the	  chlorophyll	  a	  
concentration	   experiment,	   which	   implies	   that	   the	   growth	   and	   selection	   of	   photosynthetic	  
microorganisms	   are	   not	   related	   to	   the	   flow	   of	   electrons	   from	   the	   anode	   to	   the	   cathode.	   The	  
photosynthetic	   eukaryotes	   are	   likely	   to	   be	   using	   the	   cathode	   as	   a	   support	   without	   electronically	  
interacting	  with	  it.	  	  
7.3.4 Comparison	  of	  OC	  and	  CC	  bacterial	  communities	  	  
ARISA	  profiles	  revealed	  that	  five	  of	  the	  six	  replicates	  of	  the	  OC	  cathodic	  biofilms	  had	  similar	  bacterial	  
communities	   as	   they	   were	   grouped	   in	   the	   same	   cluster	   (Figure	  7.6).	   Looking	   at	   the	   MDS	   plot,	   it	  
seems	  that	  a	  difference	  exists	  between	  the	  bacterial	  communities	  developing	  at	  the	  cathodes	  of	  the	  
OC	   and	   CC	   pMFCs.	   ANOSIM	   analysis	   gives	   a	   p-­‐value	   of	   0.06	  which,	  while	   not	   significant,	   suggests	  
there	  may	  be	  differences	  in	  the	  OC	  and	  CC	  bacterial	  communities.	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Table	  7.1	   Identity	  of	  16S	  rRNA	  gene	  fragment	  sequences,	  cloned	  from	  a	  representative	  
sample	  of	  CC	  biocathode	  community	  








Proteobacteria	   19%	   Hydrogenophaga	  
bisanensis	  
99%	   H2	  oxidation,	  nitrate	  
reduction	  
Proteobacteria	   12.5%	   Pseudomonas	  sp.	   95%	   Nitrate	  reduction	  to	  nitrite	  
Proteobacteria	   12.5%	  	   Sphingopyxis	  sp.	   97%	   Accumulate	  
polyhydroxyalkanoates	  
(PHAs)	  
Proteobacteria	   12.5%	   Sinorhizobium	  
medicae	  
97%	   Nitrogen-­‐fixing	  bacteria	  
(rhizobia)	  
Proteobacteria	   6.2%	   Desulfovibrio	  
aerotolerans	  
82%	   H2	  production/consumption	  
Proteobacteria	   6.2%	   Rickettsia	  
montanensis	  
94%	   Eukaryote	  parasite	  
Proteobacteria	   6.2%	   Devosia	  limi	   95%	   Nitrate	  reducing	  bacteria	  
Proteobacteria	   6.2%	   Hyphomicrobium	  
zavarzinii	  
97%	   Anaerobic	  nitrate	  reducing	  
bacteria	  
Proteobacteria	   6.2%	  
Brevundimonas	  
aurantiaca	  
97%	   Isolated	  from	  contaminated	  
Chlorella	  culture	  
N/A	   12.5%	   N/A	   N/A	   N/A	  
*The	  relative	  abundance	  of	  the	  species	  within	  the	  16	  clones	  sequenced.	  
The	   results	  of	  16S	   rRNA	  gene	   fragment	  sequencing	  show	  that	   the	  biocathode	  bacterial	   community	  
was	   dominated	   by	  Proteobacteria.	   A	   large	   proportion	   of	   them	  were	   bacteria	   capable	   of	   hydrogen	  
(H2)	   production	   and	   oxidation,	   nitrate	   reduction	   or	   nitrogen	   fixation.	   The	   most	   numerous	   clones	  
(3/16)	  had	  16S	  rRNA	  gene	  sequences	  identified	  as	  being	  most	  similar	  to	  Hydrogenophaga	  bisanensis,	  
a	  hydrogen	  oxidizing	  bacteria,	  but	  no	  Geobacter	  sp.	  were	  detected	  within	  the	  CC	  cathodic	  biofilm.	  A	  
species	   most	   similar	   to	   Desulfovibrio	   aerotolerans,	   an	   oxygen	   tolerant	   sulphate-­‐reducing	  
microorganism,	  was	   also	   identified	   as	  being	  part	  of	   the	  CC	  biofilm.	  As	  Desulfovibrio	   sp.	   have	  been	  
commonly	  found	  at	  the	  cathode	  of	  MFC	  (Aulenta	  et	  al.	  2012,	  Croese	  et	  al.	  2011,	  Rosenbaum	  et	  al.	  
2011),	   a	   PCR	  with	   primers	   specific	   to	  Desulfovibrio	   sp.	   was	   performed	   and	  Desulfovibrio	   sp.	   were	  
found	  to	  be	  present	  in	  both	  OC	  and	  CC	  biofilms.	  
7.4 Discussion	  
The	  aim	  of	  this	  study	  was	  to	  determine	  whether	  or	  not	  the	  pMFC	  cathode	  “selects”	  for	  a	  particular	  
community	  that	  possibly	  benefits	  from	  the	  flow	  of	  electrons	  from	  the	  anode.	  In	  this	  perspective,	  the	  
closed	   circuit	   and	   open	   circuit	   pMFC	   cathodes	   were	   characterized	   and	   compared.	   Evidence	   of	  
differences	   were	   found	   for	   the	   diatom	   and	   possibly	   the	   bacterial	   communities.	   These	   differences	  
may	  have	  been	  linked	  as	  the	  diatom	  community	  could	  have	  been	  affected	  by	  changes	  in	  the	  bacterial	  
community	  and	  vice	  versa.	  Bacteria	  are	  known	  to	  have	  both,	  stimulatory	  as	  well	  as	  inhibitory	  effects	  
	   165	  
on	   diatoms	   communities	   (D'Costa	   and	   Anil	   2011,	   Fukami	   et	   al.	   1997).	   Bacteria	   influence	   various	  
processes,	   mediated	   by	   diatoms,	   which	  modulate	   the	   growth	   and	  metabolic	   activities	   of	   diatoms	  
such	  as	  production	  of	  exudates	  (Bruckner	  et	  al.	  2008),	  capsule	  formation,	  adhesion	  to	  a	  substratum	  
(Wigglesworth-­‐Cooksey	  and	  Cooksey	  2005)	  and	  sediment	  stabilization	  by	  diatoms	  (Gerbersdorf	  et	  al.	  
2008).	  Brucker	  et	  al.	  showed	  that	  co-­‐culture	  of	  diatoms	  and	  Proteobacteria	  such	  as	  Pseudomonas	  sp.,	  
Hydrogenophaga	   sp.,	   Brevundimonas	   sp.,	   Sphingomonas	   sp.,	   which	   are	   also	   present	   in	   the	   CC	  
biofilm,	   enhanced	   polysaccharide	   secretion	   by	   the	   diatoms	   (Bruckner	   et	   al.	   2008).	   The	   diatoms	  
produced	   the	   organic	   carbon	   source	   for	   these	   bacteria.	   Proteobacteria	   and	   Bacteroidetes	   are	  
reported	  in	  the	  literature	  as	  the	  major	  bacterial	  partners	  found	  in	  diatom	  natural	  mats	  from	  different	  
habitats	  (Grossart	  et	  al.	  2005,	  Makk	  et	  al.	  2003).	  Even	  though	  the	  CC	  biofilms	  was	  mainly	  comprised	  
of	  Proteobacteria,	  the	  number	  of	  diatoms	  it	  contained	  was	  significantly	  lower	  than	  in	  OC	  biofilms.	  To	  
have	   a	   better	   understanding	   of	   the	   influence	   of	   the	   bacterial	   community	   on	   the	   diatoms,	   the	  
composition	  of	  the	  OC	  biofilm	  community	  should	  be	  determined.	  
Diatoms	  are	  sensitive	  to	  nitrate	  (Feng-­‐Jiao	  et	  al.	  2014),	  and	  nitrate-­‐reducing	  bacteria	  were	  identified	  
as	  part	  of	  the	  dominant	  community	  of	  CC	  biofilms.	  Diatoms	  are	  also	  very	  sensitive	  to	  pH	  variations.	  
Acidification	  of	   the	   catholyte	   at	   night	   due	   to	   an	   increase	   in	   the	  partial	   pressure	   of	   carbon	  dioxide	  
(pCO2)	   can	  alter	   the	   silica	  polymerisation	  and	   so	   the	   formation	  of	   the	  diatoms	   frustules	   composed	  
almost	  purely	  of	  silica	  (made	  from	  silicic	  acid)	  (Herve	  et	  al.	  2012).	  However,	  the	  pH	  of	  the	  OC	  and	  CC	  
catholytes	  were	  the	  same	  and	  any	  variation	  of	  pH	  due	  to	  production	  of	  CO2	  at	  the	  CC	  cathode	  would	  
occur	  at	  the	  OC	  cathodes	  too.	  Therefore,	  the	  difference	  in	  diatom	  community	  is	  not	  a	  consequence	  
of	  catholyte	  acidification	  at	  night.	  However,	  the	  pH	  was	  measured	  in	  the	  catholyte	  only	  and	  the	  pH	  
within	  the	  biofilms	  remains	  unknown.	  Electrode-­‐linked	  biofilms	  often	  undergo	  pH	  gradients,	  with	  the	  
internal	  layer	  of	  the	  biofilm	  being	  more	  acidic	  than	  the	  external	  layer	  (Bond	  et	  al.	  2012).	  It	  is	  possible	  
that	   chemical	   reactions	   at	   the	   surface	  of	   the	  CC	   cathode	   lethally	   acidified	   the	   environment	   of	   the	  
diatoms.	  The	   small	  number	  of	  diatoms	  within	   the	  CC	  cathodic	  biofilms	  did	  not	   seem	  to	   impair	   the	  
functioning	   of	   the	   CC	   pMFCs	   and	   it	   has	   never	   been	   reported	   that	   diatoms	   play	   a	   role	   in	   electron	  
transfer	  with	  the	  cathode.	  Surprisingly,	  the	  difference	  in	  diatoms	  community	  was	  not	  detected	  when	  
the	  photosynthetic	   eukaryote	   communities	  were	   first	   analysed.	  No	  overall	   difference	  between	   the	  
OC	  and	  CC	  cathode	  eukaryotic	  communities	  or	  in	  their	  chlorophyll	  a	  concentrations	  were	  found.	  The	  
small	   proportion	   of	   diatoms	   within	   the	   community	   combined	   with	   the	   low	   yield	   of	   diatom	   DNA	  
extraction	  may	  explain	  why	  no	  differences	  were	  found	  using	  molecular	  methods.	  The	  DNA	  of	  diatoms	  
is	  difficult	  to	  extract	  due	  to	  the	  protection	  of	  the	  frustule	  and	  a	  universal	  and	  efﬁcient	  DNA	  extraction	  
method	  has	  yet	  to	  be	  determined	  (Nguyen	  et	  al.	  2011).	  From	  microscopic	  observations,	  it	  appeared	  
that	   only	   a	   few	   species	   of	   diatoms	   (no	   more	   than	   3)	   were	   present.	   Unfortunately,	   the	   small	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proportion	  of	  diatoms	  DNA	  within	  the	  eukaryote	  community	  did	  not	  enable	  the	  DNA	  sequence	  of	  the	  
diatom	  species	  to	  be	  determined.	  
The	  lack	  of	  differences	  in	  the	  eukaryotes	  communities,	  suggested	  that	  the	  photosynthetic	  eukaryotes	  
were	   probably	   not	   electrically	   connected	   to	   the	   cathode.	   From	  my	   knowledge,	   neither	   direct	   nor	  
mediated	   electron	   transfer	   between	   a	   green	  microalgae	   and	   an	   electrode	  has	   yet	   been	   identified.	  
Algae	  and	  cyanobacteria	  have	  been	  used	  as	  feedstock	  or	  oxygenators	   in	  microbial	  fuel	  cells,	  but	  do	  
not	  directly	   interact	  with	  electrodes.	   In	  marine	  and	  freshwater	  sediments,	  algae	  and	  cyanobacteria	  
maintain	   synergistic	   communities	   in	   microbial	   mats	   by	   supplying	   organic	   matter	   (e.g.,	   excreted	  
polysaccharides)	   to	   heterotrophic	   bacteria	   via	   photosynthesis.	   Excreted	   organic	   matter	   or	  
photosynthetic	  biomass	  were	  used	  as	  a	   feedstock	   for	  heterotrophic	  electrode-­‐respiring	  bacteria	   at	  
the	  anodes	  of	  sediment-­‐type	  pMFCs	  (He	  et	  al.	  2009).	  Algae	  and	  cyanobacteria	  also	  play	  a	  role	  at	  the	  
cathodes	   of	   MFCs	   by	   providing	   the	   terminal	   electron	   acceptor,	   oxygen,	   without	   aeration.	   Recent	  
studies	  used	  the	  green	  alga,	  Chlorella	  vulgaris,	  as	  efficient	  in-­‐situ	  oxygenators	  in	  photosynthetic	  MFC	  
to	  facilitate	  the	  cathodic	  reaction	  (Del	  Campo	  et	  al.	  2013,	  Wu	  et	  al.	  2013).	  
Unlike	  the	  eukaryote	  communities,	  the	  CC	  cathodic	  bacterial	  communities	  were	  possibly	  more	  similar	  
to	  each	  other	  than	  they	  were	  to	  the	  OC	  communities	  as	  suggested	  by	  the	  MDS	  plot	  (Figure	  7.6).	  The	  
lower	   potential	   of	   CC	   cathodes	   during	   the	   day	  may	   have	   favoured	   the	   growth	   of	   certain	   bacteria	  
against	   others	   and	   so	   selected	   for	   different	   bacterial	   communities	   than	   OC	   cathodes.	   The	   flux	   of	  
electrons	   from	   the	   anode	   may	   have	   played	   a	   role	   in	   selecting	   electro-­‐active	   bacteria	   involved	   in	  
electron	  transfer	  at	  the	  cathode.	  Both	  OC	  and	  CC	  cathodic	  communities	  contain	  Geobacter	  sp.	  as	  part	  
of	  their	  sub-­‐dominant	  population.	  Despite	  being	  anaerobic	  organisms,	  Geobacter	  sp.	  survived	  in	  the	  
catholyte	  where	  the	  concentration	  in	  oxygen	  was	  increasing	  during	  the	  day.	  The	  3D	  structure	  of	  the	  
carbon	  cloth	  and	   the	  depletion	  of	  oxygen	  due	   to	   its	   reduction	   right	  at	   the	  electrode	   surface	   could	  
offer	   an	  anaerobic	  niche	   for	  Geobacter	   sp.	   to	   survive.	  Biofilm	  and	  bacterial	   association	  often	  offer	  
protection	   to	  anaerobic	  bacteria	   in	  aerobic	  environments	  allowing	   them	  to	  occupy	  spaces	   that	  are	  
not	  aerobic	  (Helmer	  et	  al.	  2001).	  Also,	  some	  Geobacter	  species	  have	  recently	  been	  found	  to	  be	  aero-­‐
tolerant	  (Lin	  et	  al.	  2004).	  Moreover,	  the	  presence	  of	  nitrate	  reducing	  bacteria,	  which	  require	  a	  very	  
low	  oxygen	  concentration	  (Hagedornolsen	  et	  al.	  1994),	  suggested	  that	  the	  cathode	  surface	  contains	  
oxygen	  depleted	  areas.	  	  
As	  observed	  in	  the	  previous	  chapter,	  the	  cathodic	  bacterial	  community	  did	  not	  significantly	  facilitate	  
the	   oxygen	   reduction	   reaction.	   Turnover	   voltammograms	   (i.e.,	   catholyte	   saturated	   in	   oxygen)	  
showed	  a	  potential	  of	  oxygen	  reduction	  at	  -­‐0.1	  V	  vs	  Ag/AgCl	  for	  all	  the	  CC	  biocathodes	  and	  a	  majority	  
of	  the	  OC	  biocathodes.	  Given	  that	  the	  reduction	  of	  oxygen	  on	  clean	  carbon	  cloth	  usually	  occurs	  at	  a	  
potential	  of	  -­‐0.2	  V	  vs	  Ag/AgCl	  (Commault	  et	  al.	  2014),	  the	  potentials	  of	  reduction	  of	  oxygen	  were	  too	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close	   together	   to	   conclude	   that	   there	   was	   biocatalysis	   of	   the	   oxygen	   reduction	   reaction	   by	   the	  
cathodic	  biofilms.	  One	  OC	  cathode	  had	  a	  positive	  onset	  potential	  of	  approximately	  0.05	  V	  vs	  Ag/AgCl	  
(Figure	  7.2),	  which	  is	  a	  bit	  closer	  to	  the	  onset	  potential	  observed	  in	  chapter	  6	  in	  the	  same	  conditions.	  
However,	  its	  non-­‐turnover	  voltammogram	  detected	  a	  different	  redox	  system	  than	  the	  one	  observed	  
in	   chapter	  6	   (Figure	   6.8),	   which	   was	   instead	   similar	   to	   the	   other	   OC	   cathodes’	   non-­‐turnover	  
voltammograms	  (Figure	  7.3).	  
The	  non-­‐turnover	   voltammograms	  of	   the	  CC	   cathodes	  were	  different	   to	   those	  of	   the	  OC	   cathodes	  
with	  a	  reduction	  peak	  at	  -­‐0.3	  V	  vs	  Ag/AgCl	  (Figure	  7.3).	  The	  potential	  of	  this	  peak	  corresponds	  to	  the	  
maximal	  potential	   reached	  by	   the	  CC	   cathode	  during	   the	  day.	   I	   do	  not	   know	  yet	   if	   this	   is	   a	   simple	  
coincidence	  or	  not,	  but	   it	   is	  possible	   that	   the	  potential	  was	  maintained	  below	   -­‐0.3	  V	  vs	  Ag/AgCl	   to	  
benefit	  a	  microbial	  pathway	  either	  at	   the	  cathode	  or	   the	  anode	  surface.	  Even	  though	  the	  bacterial	  
community	  was	  probably	  not	  significantly	  involved	  in	  the	  catalysis	  of	  oxygen	  reduction,	  it	  seemed	  to	  
interact	  with	  the	  electrode.	  
The	  presence	  of	  Geobacter	  sp.	  might	  be	  responsible	  for	  the	  reduction	  peak	  observed,	  as	  the	  ability	  of	  
Geobacter	  biofilms	  to	  take	  electrons	  off	  an	  electrode	  has	  previously	  been	  reported	  (Esteve-­‐Nunez	  et	  
al.	   2008).	   The	   electron	   transfer	   reaction	   of	   the	   outer	  membrane	   cytochromes	   of	  Geobacter	   sp.	   is	  
known	  to	  be	   irreversible.	  Nevertheless,	   the	  detection	  of	  Geobacter	  sp.	   in	  both	  OC	  and	  CC	  cathodic	  
biofilms	  make	  it	  less	  likely	  to	  be	  the	  cause	  of	  the	  specific	  electrochemical	  properties	  of	  CC	  cathodes,	  
even	  though	  the	  exact	  proportion	  of	  Geobacter	  sp.	  within	  each	  biofilm	  has	  not	  been	  estimated.	  
The	   sequencing	  of	  16s	   rRNA	  genes	  of	  CC	  cathodic	  biofilms	  did	  not	   reveal	  Geobacter	   sp.,	  but	  other	  
bacteria	  capable	  of	  nitrate	  reduction,	  nitrogen	  fixation	  or	  hydrogen	  production	  and	  oxidation,	  such	  
as	  Hydrogenophaga	   sp.	   and	  Desulfovibrio	   sp.,	  were	   identified.	  Hydrogenophaga	   sp.	   are	   capable	  of	  
using	  hydrogen	  (H2)	  as	  a	  source	  of	  energy	  aerobically.	  In	  many	  organisms,	  hydrogen	  is	  oxidized	  by	  a	  
membrane-­‐bound	   hydrogenase	   causing	   proton	   pumping	   via	   electron	   transfer	   to	   various	   quinones	  
and	   cytochromes.	   Usually,	   a	   second	   cytoplasmic	   hydrogenase	   is	   used	   to	   generate	  NADH,	  which	   is	  
subsequently	   used	   to	   fix	   carbon	   dioxide	   via	   the	   Calvin	   cycle	   (Jones	   1980).	   In	   nature,	   hydrogen-­‐
oxidizing	  organisms	  often	  inhabit	  oxic-­‐anoxic	  interfaces	  to	  take	  advantage	  of	  the	  hydrogen	  produced	  
by	  anaerobic	   fermentative	  organisms	  while	   still	  maintaining	  a	   supply	  of	  oxygen	   (Yoon	  et	  al.	   2008).	  
The	   species	   most	   similar	   to	   Hydrogenophaga	   sp.	   present	   at	   the	   CC	   cathode	   was	   likely	   taking	  
advantage	   of	   the	   production	   of	   O2	   by	   photosynthesis	   in	   the	   catholyte	   and	   H2	   production	   by	  
fermentative	   organisms	   in	   the	   sediment	   or	   other	   H2	   productive	   bacteria	   at	   the	   cathode	   such	   as	  
Desulfovibrio	  sp.	  Desulfovibrio	  species	  are	  aerotolerant,	  they	  can	  survive	  in	  O2-­‐rich	  environments	  and	  
have	   previously	   shown	   to	   catalyse	   the	   production	   of	   hydrogen	   at	   a	   cathode	   without	   an	   added	  
mediator	   (Croese	   et	   al.	   2011).	   Moreover,	   c-­‐type	   cytochromes	   are	   known	   to	   be	   abundant	   in	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Desulfovibrio	  species,	  the	  same	  proteins	   involved	  in	  electron	  transfer	   in	  Geobacter	  species	  (Valente	  
et	  al.	  2005).	  
Desulfovibrio	   sp.	   was	   identified	   by	   Croese	   et	   al.	   (2011)	   as	   being	   the	   dominant	   ribotype	   of	   the	  
graphite-­‐felt	  biocathode	  of	  their	  hydrogen-­‐producing	  microbial	  electrolysis	  cell	  originally	   inoculated	  
with	   anaerobic	   sludge	   from	   a	   paper	   mill	   wastewater	   treatment	   plant	   and	   anodic	   effluent	   from	   a	  
molasses-­‐fed	  MFC.	  They	  showed	  that	  the	  presence	  of	  Desulfovibrio	  sp.	  at	  the	  cathode	  increased	  the	  
current	  produced	  by	  the	  system	  and	  the	  formation	  of	  hydrogen.	  Hydrogen	  production	  usually	  occurs	  
at	  potentials	   lower	  than	  -­‐0.6	  V	  vs	  Ag/AgCl,	  but	  the	  potentials	  of	  the	  cathodes	  of	  my	  pMFCs	  did	  not	  
decrease	   below	   -­‐0.5	  V	   vs	   Ag/AgCl.	   However,	   different	   pathways	   leading	   to	   the	   production	   of	  
hydrogen	  have	  been	   identified	   in	  Desulfovibrio	   sp.	  One	  of	   them	   involves	   a	  direct	   electron	   transfer	  
from	  the	  cathode	  through	  c-­‐type	  cytochromes	  to	  hydrogenases	  at	  a	  potential	  about	  -­‐0.3	  V	  vs	  Ag/AgCl	  
(Moreno	  et	  al.	  1993).	  Various	  different	  types	  of	  cytochromes	  were	  found	  in	  the	  outer-­‐membrane	  of	  
Desulfovibrio	  sp.	  and	  their	  role	  as	  redox	  partners	  of	  hydrogenase	  was	  confirmed	  (Barton	  et	  al.	  2007).	  
The	  CC	  cathodes	  voltammograms	  are	  similar	  to	  those	  of	  Aulenta	  et	  al.	  (2012)	  performed	  with	  a	  pure	  
culture	  of	  Desulfvibrio	  sp.	  After	  an	  extended	  period	  of	  polarisation,	  they	  observed	  redox	  peaks	  with	  a	  
midpoint	  potential	  around	  -­‐0.1	  V	  vs.	  SHE	  (i.e.,	  -­‐0.3	  V	  vs	  Ag/AgCl),	  compatible	  with	  c-­‐type	  cytochrome	  
activity.	  
The	   observed	   increase	   of	   peak	   current	   on	   the	   CC	   cathode	   voltammogram	   after	   an	   extended	  
polarization	  at	  -­‐0.6	  V	  vs	  Ag/AgCl	  could	  be	  due	  to	  a	  gradual	  activation	  of	  the	  enzyme(s)	  in	  contact	  with	  
the	  electrode,	  resulting	  in	  a	  larger	  reduction	  peak	  than	  without	  poise	  (Figure	  7.5).	  The	  possibility	  of	  
activating	   the	   hydrogenases	   of	   Desulfovibrio	   sp.,	   attached	   onto	   a	   carbon-­‐based	   electrode,	   by	  
electrochemical	  control	  was	  previously	  described	  (Cordas	  et	  al.	  2008).	  Therefore,	  the	  reduction	  peak	  
observed	  at	  -­‐0.3	  V	  vs	  Ag/AgCl	  for	  the	  CC	  cathodes	  could	  be	  related	  to	  the	  production	  of	  hydrogen	  by	  
the	  species	  most	  similar	  to	  Desulfovibrio	  sp.	  It	  is	  possible	  that	  the	  hydrogen	  was	  produced	  by	  direct	  
electron	   transfer	   involving	   cytochromes-­‐hydrogenase	   partnerships,	   as	   previously	   proposed	   by	  
Rosenbaum	   et	   al.	   (2011)	   (figure	  7.7).	   However,	   the	   community	   analysis	   was	   incomplete.	   To	   fully	  
understand	  the	  electron	  transfer	  involved	  at	  the	  cathode	  it	  would	  be	  useful	  to	  do	  a	  more	  complete	  
analysis	  (i.e.,	  hundreds	  of	  clones)	  from	  several	  biofilm	  communities	  from	  both	  OC	  and	  CC	  cathodes.	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The	  goal	  of	  this	  thesis	  was	  to	  identify	  parameters	  that	  could	  be	  used	  to	  engineer	  biofilm	  communities	  
with	  specific	  properties.	  I	  firstly	  sought	  to	  produce	  biofilms	  that	  were	  enriched	  for	  bacteria,	  such	  as	  
Geobacter,	  that	  are	  capable	  of	  direct	  electron	  transfer	  with	  the	  electrodes.	  Then,	   I	   investigated	  the	  
dynamics	   of	   Geobacter-­‐dominated	   community	   structures,	   their	   operational	   stability	   and	   their	  
potential	  use	  as	  BOD	  biosensors.	   In	   this	   thesis,	   I	   presented	  evidence	  of	   the	   important	   influence	  of	  
parameters,	   such	   as	   the	   anode	   potential	   and	   the	   selective	   medium,	   on	   the	   composition	   of	  
Geobacter-­‐dominated	  biofilms.	   I	   also	   identified	   the	   conditions	   to	   select	   for	   an	  operationally	   stable	  
Geobacter-­‐dominated	   biofilm	   with	   a	   broad	   substrate	   usage	   for	   the	   use	   as	   a	   BOD	   biosensor.	   This	  
biofilm	   measured	   the	   BOD	   of	   complex	   media	   with	   accuracy	   and	   reproducibility.	   My	   work	   on	  
photosynthetic	  biocathodes	  provided	  evidence	  that	  such	  biofilms	  can	  enhance	  the	  power	  output	  of	  
MFCs	  compare	  to	  the	  performance	  achievable	  with	  aeration.	  Each	  of	  these	  findings	  is	  detailed	  below.	  
8.1 Selection	  of	  Geobacter-­‐dominated	  biofilm	  
In	   this	   study,	   I	  was	  able	   to	   reliably	  select	   for	  Geobacter-­‐dominated	  biofilms	   from	  a	   range	  of	  media	  
and	  inocula,	  and	  under	  a	  diversity	  of	  operating	  conditions.	  The	  first	  part	  of	  this	  thesis	  contributes	  to	  
the	   debate	   about	   the	   effect	   of	   anode	   potential	   on	   the	   selection	   of	   exoelectrogenic	   biofilms	   from	  
mixed	  community	  inoculum.	  Researchers	  have	  been	  working	  on	  identifying	  the	  anode	  potentials	  best	  
suited	  for	  the	  selection	  of	  highly	  efficient	  and	  highly	  dominated	  exoelectrogenic	  biofilms	  (Torres	  et	  
al.	  2009),	  but	  a	  recent	  study	  affirmed	  that	  anode	  potential	  does	  not	  provide	  a	  selective	  pressure	  as	  
communities	   with	   similar	   composition	   are	   selected	   at	   different	   potentials	   (Zhu	   et	   al.	   2014).	   My	  
results	   contradict	   those	   of	   Zhu	   et	   al.	   (2014)	   by	   proving	   that	   the	   anode	   potential	   does	   affect	   the	  
composition	   of	   Geobacter-­‐dominated	   biofilms	   at	   a	   strain	   level.	   Early	   this	   year,	   I	   submitted	   a	  
correspondence	   about	   Zhu	   et	   al.’s	  work	   to	   enrich	   the	   controversy	   by	   suggesting	   they	   analyse	   and	  
present	  their	  results	  in	  a	  similar	  manner	  to	  me	  (as	  in	  Figure	  2.7),	  thereby	  providing	  the	  opportunity	  
to	  compare	  our	  results.	  
Studies	   demonstrating	   physiological	   adaptation	   of	   exoelectrogenic	   species	   to	   different	   anode	  
potentials	   are	   based	   on	   pure	   cultures	   of	   Geobacter	   sulfurreducens.	   They	   showed	   that	   G.	  
sulfurreducens	   self-­‐regulate	   their	   extracellular	   electron	   transport	   pathways	   to	   adapt	   to	   different	  
anode	   potentials	   (Busalmen	   et	   al.	   2008,	   Katuri	   et	   al.	   2010,	  Wei	   et	   al.	   2010,	   Zhu	   et	   al.	   2012).	   The	  
genetic	   diversity	   in	   pure	   cultures	   of	  G.	   sulfurreducens	   is	   likely	   to	   be	   very	   limited.	   Therefore,	  while	  
physiological	   adaptation	   of	   G.	   sulfurreducens	   is	   observed	   when	   pure	   cultures	   are	   exposed	   to	  
different	   anode	   potentials,	   this	   adaptation	  may	   not	   accurately	   reflect	   the	   processes	   that	   occur	   in	  
mixed	  communities.	  In	  mixed	  communities,	  the	  large	  genetic	  diversity	  is	  likely	  to	  allow	  the	  selection	  
of	  strains	  best	  suited	  to	  the	  conditions.	  While	  physiological	  adapation	  occurs	  in	  pure	  culture,	  mixed	  
communities	  adjust	  to	  the	  anode	  potentials	  by	  selection	  of	  particular	  strains	  and	  species	  within	  the	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communities	   that	   already	   possess	   the	   optimal	   electron	   transfer	   pathways.	   Therefore,	   anode	  
potential	   is	  a	  parameter	  of	   importance	   for	   the	  selection	  of	  highly	  efficient	  anode-­‐respiring	  biofilms	  
from	  mixed	  communities.	  
The	  anode	  potential,	   in	  addition	  of	  selecting	  for	  different	  strains,	   influences	  the	  time	  required	  for	  a	  
biofilm	   to	   produce	   a	   measurable	   current,	   with	   the	   anode	   poised	   at	   highest	   potential	   (-­‐0.25	  V	   vs	  
Ag/AgCl)	  having	  the	  quickest	  start-­‐up	  time.	  	  
The	   Baas-­‐Becking	   hypothesis	   (1934),	   referring	   to	   microorganisms,	   states	   that	   "Everything	   is	  
everywhere,	   but	   the	   environment	   selects".	   This	   hypothesis	   appears	   to	   be	   justified	   in	   the	   case	   of	  
Geobacter	   psychrophilus,	   which	   dominated	   the	   biofilms	   selected	   in	   this	   work	   regardless	   of	   the	  
inoculum	  source,	  after	   testing	   three	   inocula	   (two	  anaerobic	   sediments	  and	  one	  apparently	  aerobic	  
dry	  soil).	  The	  inoculum	  source	  does	  not	  appear	  to	  offer	  a	  powerful	  parameter	  to	  engineer	  the	  biofilm	  
community,	  although	  it	  can	  provide	  different	  bacteria	  and	  result	  in	  biofilms	  with	  different	  electrical	  
properties.	   A	   similar	   conclusion	   can	  be	   reached	   for	   the	   anode	   surface	  modifications	   tested,	  which	  
had	  inconsistent	  effects	  and	  only	  subtly	  altered	  the	  dominant	  communities	  of	  biofilms.	  However,	  the	  
minor	   differences	   in	   the	   dominant	   communities	   appeared	   to	   influence	   the	   electrochemical	  
properties	   of	   the	  Geobacter-­‐dominated	   biofilms	   selected.	   These	   findings	   imply	   that	   electro-­‐active	  
biofilms	  capable	  of	  direct	  electron	  transfer	  can	  be	  selected	  from	  a	  diversity	  of	  inocula	  on	  electrodes	  
with	  different	  chemical	  properties.	  	  
For	  the	  BOD	  biosensor,	  I	  sought	  to	  engineer	  a	  biofilm	  that	  had	  both	  direct	  electron	  transfer	  capability	  
and	  a	  broad	  metabolic	  capability.	  Anode	  potential	  was	  an	  important	  parameter	  to	  select	  Geobacter-­‐
dominated	   biofilms,	   but	   other	   conditions	   are	   also	   of	   importance,	   including	   the	   substrate	  
(fermentable	  or	  not)	  or	  the	  presence	  of	  methanogen	  inhibitors	  (BES)	  to	  limit	  other	  potential	  electron	  
sinks.	  Depending	  on	  the	  substrate	  used	  (e.g.,	  acetate,	  ethanol,	  OECD),	   it	  was	  possible	  to	  produce	  a	  
biofilm	  with	  good	  electrochemical	  properties	  but	  also	  with	  broad	  metabolic	  characteristics.	  	  
8.2 Stability	  of	  Geobacter-­‐dominated	  biofilm	  
By	  keeping	  the	  anode	  at	  the	  same	  potential	  while	  challenging	  the	  Geobacter-­‐dominated	  biofilm	  with	  
diluted	  and	  buffered	  OECD	  medium	  supplemented	  with	  competing	  bacteria,	   I	  was	  able	   to	   improve	  
the	  stability	  of	  the	  biofilm	  microbial	  community	  composition,	  and	  related	  power	  outputs.	  	  
Selection	   of	  Geobacter-­‐dominated	   biofilms	   requires	   stringent	   conditions	   to	   suppress	   fermentative	  
bacteria	   and	   favour	   the	   growth	   of	   bacteria	   capable	   of	   direct	   electron	   transfer	   over	   the	   growth	   of	  
bacteria	   capable	  of	  mediated	  electron	   transfer.	  A	  question	   that	  has	   received	   little	   attention	   in	   the	  
literature	  is	  what	  happens	  to	  these	  specialized	  electrode	  communities	  after	  selection	  once	  they	  are	  
operated	  in	  relaxed	  conditions	  that	  would	  not	  have	  been	  permissive	  for	  their	  selection.	  I	  tested	  the	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stability	  of	  Geobacter-­‐dominated	  biofilms	  selected	  in	  stringent	  conditions	  and	  found	  that	  as	  long	  as	  
the	  transition	  to	  the	  new	  conditions	  was	  not	  too	  extreme,	  specialized	  electro-­‐active	  biofilms	  can	  be	  
suitably	  stable	   in	   relaxed	  conditions.	  Their	  community	  structures	  changed	  over	   time,	  but	   it	  did	  not	  
necessarily	  impair	  the	  function	  of	  the	  specialized	  biofilms.	  For	  example,	  the	  BOD	  sensor	  based	  on	  a	  
Geobacter-­‐dominated	   biofilm	   selected	   on	   ethanol	   medium	   adapted	   to	   milk	   over	   several	  
experiments,	  while	  retaining	  its	  electro-­‐active	  function.	  Therefore,	   it	   is	  possible	  to	  make	  specialized	  
electro-­‐active	  biofilms	  that	  still	  retain	  some	  metabolic	  flexibility	  and	  adaptability	  while	  also	  retaining	  
the	  electrochemical	  characteristics	  they	  were	  originally	  selected	  for.	  	  
Several	   strategies	  were	   also	   tested	   to	   improve	   the	   stability	   of	   the	   electro-­‐active	   biofilms,	   none	   of	  
which	   seemed	   to	   work.	   Ethanol	   as	   the	   sole	   carbon	   source,	   selected	   for	   more	   diverse	  Geobacter-­‐
dominated	   biofilms	  with	   broader	   substrate	   usage	   than	   acetate-­‐selected	   biofilms.	   Surprisingly,	   that	  
diversity	   did	   not	   provide	   more	   stability	   to	   the	   biofilms	   in	   terms	   of	   composition,	   instead	   they	  
appeared	   to	   undergo	   internal	   changes	   to	   adapt	   to	   the	   new	   conditions.	   Acetate-­‐selected	   biofilms	  
showed	   a	   better	   community	   stability	   than	   ethanol-­‐selected	   biofilms,	   but	   they	   adapted	   slower	   to	  
OECD.	   Although	   the	   –COOH	   groups,	   have	   affinity	   for	  Geobacter	   sp.	   outer-­‐membrane	   cytochromes	  
and	   led	  to	  anodic	  biofilms	  with	  a	   large	  extracellular	  matrix,	   they	  did	  not	  significantly	  help	  to	  retain	  
the	  community	  structure	  of	  acetate-­‐selected	  biofilms	  when	  the	  conditions	  become	  unfavourable.	  	  
8.3 Use	  of	  Geobacter-­‐dominated	  biofilm	  as	  a	  BOD	  biosensor	  
Geobacter-­‐dominated	   biofilms	   selected	   on	   ethanol	   medium	   were	   found	   to	   act	   as	   informative	  
biosensors	  for	  BOD.	  Indeed,	  the	  high	  COD	  removal	  efficiency	  of	  ethanol-­‐biofilms	  has	  the	  potential	  to	  
make	   them	   a	   robust	   alternative	   to	   common	   biosensors	   for	   biochemical	   oxygen	   demand	  
measurement.	   However,	   the	   electron	   sinks	   reducing	   the	   coulombic	   efficiency	   of	   these	   biofilms	   in	  
MFC	   (e.g.	   biomass,	   fermentation	   products	   such	   as	   volatile	   fatty	   acids	   or	   gases	   production	   such	   as	  
CH4)	   had	   to	   be	   avoided	   to	   not	   underestimate	   the	   BOD	  measured.	  When	   comparing	   the	   substrate	  
usage	   of	   acetate	   and	   ethanol-­‐selected	   biofilms,	   a	   methanogen	   inhibitor	   (BES)	   was	   used	   and	   the	  
coulombic	   efficiency	   of	   the	   ethanol-­‐selected	   biofilm	   was	   significantly	   higher	   than	   the	   acetate-­‐
selected	  biofilm.	  The	  BOD	  biosensor	  based	  on	  ethanol-­‐selected	  biofilms	  dominated	  by	  Geobacter	  sp.	  
gave	  accurate	  responses	  to	  OECD	  or	  milk	  BOD	  concentrations	  after	  calibration	  when	  operated	  at	  a	  
fixed	  anode	  potential	  of	  -­‐0.36	  V	  vs	  Ag/AgCl.	  The	  response	  time	  of	  the	  biosensor	  was	  17.5	  h,	  saving	  a	  
substantial	  amount	  of	  time	  compared	  to	  the	  five-­‐day	  BOD5	  assay.	  This	  response	  time	  could	  even	  be	  
reduced	   to	   6	  h	   when	   changing	   the	   operating	   conditions	   (e.g.	   temperature,	   anode	   potential).	   The	  
sensitivity	  of	  the	  biosensor	  could	  also	  be	  further	   improved	  by,	  for	   instance,	  decreasing	  the	  working	  
volume.	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The	  use	  of	  exoelectrogenic	  biofilms	  as	  the	  biocomponent	  of	  biosensors	  is	  promising,	  even	  though	  the	  
technology	  still	  needs	  to	  be	  optimized.	  
8.4 Photosynthetic	  biocathodes	  as	  a	  way	  to	  enhance	  power	  output	  of	  MFC	  
My	  work	   showed	   that	   production	   of	   oxygen	   in	   close	   proximity	   to	   the	   cathode	   under	   illumination	  
increased	   the	   efficiency	   of	   the	   cathode	   compared	   to	   the	   performance	   achievable	   with	   aeration.	  
However,	   the	   photosynthetic	   biofilms	   grown	   in	   this	   study	   did	   not	   appear	   to	   facilitate	   the	   oxygen	  
reduction	   reaction	   (ORR)	   efficiently,	   even	   though	   non-­‐turnover	   voltammetry	   (absence	   of	   oxygen)	  
revealed	   a	   reversible	   redox	   compound	   confined	   in	   the	   biofilm.	   The	   enhancement	   of	   the	   current	  
output	  was	   then	  mostly	  due	   to	  high	  production	  of	  dissolved	  oxygen	  by	  photosynthesis,	  but	  not	   to	  
biocatalysis	  of	  the	  ORR.	  
Oxygen	  diffusion	   is	   one	  of	   the	  main	   factors	   limiting	   cathode	  performance.	   The	   study	  of	   sediment-­‐
type	  photosynthetic	  MFCs	  presented	  here	   showed	   that	   production	  of	   oxygen	   right	   at	   the	   cathode	  
surface	   by	   photosynthesis	   offers	   a	   potential	   solution	   to	   oxygen	   mass	   transfer	   limitation.	   In	  
contradiction,	   recent	   works	   found	   no	   advantage	   of	   algal	   photosynthesis	   in	   the	   cathode	   chamber	  
compared	  with	  mechanical	  aeration	  (Gil	  et	  al.	  2003,	  Juang	  et	  al.	  2012,	  Kang	  et	  al.	  2003,	  Pham	  et	  al.	  
2004,	   Rodrigo	   et	   al.	   2010).	  However,	   their	   findings	   could	  be	   explained	  by	   (i)	   low	  dissolved	  oxygen	  
concentrations	  reached	  in	  the	  cathode	  chamber	  compared	  to	  the	  concentrations	  normally	  obtained	  
under	   illumination	   (>22	  mg/L)	   (Rodrigo	   et	   al.	   2010)	  ;	   (ii)	   poor	   oxygen	   reduction	   at	   the	   graphite	  
cathode	   (Gil	   et	   al.	   2003)	  ;	   and	   (iii)	  most	   of	   all,	   diffusion	  of	   oxygen	   from	   the	   cathode	   to	   the	   anode	  
compartment	  interfering	  with	  electron	  transfer	  at	  the	  anode	  (Kang	  et	  al.	  2003,	  Pham	  et	  al.	  2004).	  
To	  determine	  whether	  or	  not	  the	  redox	  species	  confined	  in	  the	  cathodic	  biofilm	  was	  produced	  by	  a	  
particular	   community	   that	   benefits	   from	   the	   flow	   of	   electrons	   from	   the	   anode,	   photosynthetic	  
biocathodes	  were	  selected	  in	  open	  and	  closed	  circuit	  pMFCs.	  Evidence	  of	  differences	  was	  found	  for	  
the	  diatom	  and	  possibly	  the	  bacterial	  communities,	  but	  the	  small	  proportion	  of	  diatom	  DNA	  within	  
the	  eukaryote	  community	  did	  not	  provide	  sufficient	  DNA	  to	  be	  obtained	  to	  allow	  the	  identification	  of	  
the	   diatoms	   species	   present.	  No	   biocatalysis	   of	   oxygen	   reduction	  was	   observed,	   but	   non-­‐turnover	  
voltammetry	  revealed	  a	  reduction	  peak	  at	  -­‐0.3	  V	  vs	  Ag/AgCl	  only	   in	  biocathodes	  selected	  in	  closed-­‐
circuit	  pMFC.	  This	  reduction	  peak	  could	  be	  related	  to	  the	  production	  of	  hydrogen	  by	  the	  species	  most	  
similar	   to	   Desulfovibrio	   sp.,	   but	   a	   more	   complete	   analysis	   of	   the	   bacterial	   community	   of	   each	  
biocathode-­‐type	  would	  be	  necessary.	  	  
Photosynthetic	  biocathodes	  could	  offer	  a	  good	  alternative	  to	  rare-­‐earth	  catalysts	  and	  so	  suppress	  a	  
major	   obstacle	   to	   the	   scale-­‐up	   of	   MFC	   for	   commercial	   production	   of	   electricity.	   Coupling	   the	  
production	   of	   electricity	   with	   the	   production	   of	   biofuel	   could	   also	   be	   considered.	   Additionally,	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organic	   matter	   excreted	   by	   the	   photosynthetic	   biomass	   could	   be	   used	   as	   a	   feedstock	   for	   the	  
heterotrophic	  electrode-­‐respiring	  bacteria	  at	  the	  anodes,	  making	  energy-­‐efficient,	  reliable	  MFCs	  able	  
to	  operate	  in	  remote	  areas.	  
	  
Finally,	   this	   PhD	   project	   examining	   bioelectrochemical	   systems	   gave	   me	   the	   opportunity	   to	   bring	  
together	   several	   scientific	   disciplines,	   including	   microbiology,	   electrochemistry,	   ecology	   and	  
molecular	   biology.	   Through	   this	   thesis,	   I	   contributed	   to	   the	   current	   knowledge	   of	   how	  
exoelectrogenic	  bacteria	   form	  anodic	  biofilms	  and	  how	  they	   retain	   their	  operational	  and	  structural	  
stability.	   This	   work	   showed	   that	   it	   is	   possible	   to	   engineer	   anodic	   or	   cathodic	   biofilms	   for	   better	  
electricity	  production.	  By	  varying	  parameters	   such	  as	   the	  anode	  potential	  and	   the	  carbon	  source,	   I	  
managed	   to	   engineer	   Geobacter-­‐dominated	   biofilms	   with	   an	   increased	   stability	   and	   a	   broad	  
substrate	   usage	   for	   BOD	   sensor	   applications.	   I	   also	   improved	   the	   power	   output	   of	   MFC	   by	  
incorporating	  photosynthesizers	  at	  the	  cathode.	  
The	  power	  outputs	  of	  today’s	  MFCs	  are	  still	  too	  low	  to	  consider	  the	  scale-­‐up	  of	  these	  systems	  for	  a	  
commercial	  production	  of	  electricity.	  However,	  other	  applications	  such	  as	  using	  engineered	  anode-­‐
respiring	  biofilms	  as	  the	  biocomponent	  of	  biosensors	  or	  using	  MFCs	  to	  power	  low-­‐energy	  devices	  in	  
remote	   areas	   where	   solar	   energy	   cannot	   be	   harvested,	   could	   be	   considered.	   The	   unceasing	  
development	   of	   new	   bioelectrochemical	   systems	   makes	   this	   field	   of	   research	   very	   dynamic	   and	  
promises	   technological	   applications	   and	   fundamental	   advances	   on	   the	   understanding	   of	   cellular	  
physiology	  and	  the	  biology	  of	  exoelectrogenic	  bacteria.	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